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Abstract 
Photovoltaic (PV) devices become increasingly important due to the foreseeable 
energy crisis, limitation in natural fossil fuel resources and associated green-house 
effect caused by carbon consumption.  At present, silicon-based solar cells dominate 
the photovoltaic market owing to the well-established microelectronics industry which 
provides high quality Si-materials and reliable fabrication processes. However ever-
increased demand for photovoltaic devices with better energy conversion efficiency at 
low cost drives researchers round the world to search for cheaper materials, low-cost 
processing, and thinner or more efficient device structures. Therefore, new materials 
and structures are desired to improve the performance/price ratio to make it more 
competitive to traditional energy. 
Metal Oxide (MO) semiconductors are one group of the new low cost materials with 
great potential for PV application due to their abundance and wide selections of 
properties. However, the development of MO solar cells is very limited so far mostly 
due to the poor materials and poor understanding of the materials and devices. This 
research conducts a systematic numerical investigation on MO thin film solar cells. 
Various MO semiconductors are used to explore different structures and combinations 
for solar cells; and the effects of material properties and structures are optimised for 
the best performances.  
For the ideal cases, it is found that a TiO2/CuO hetero-junction solar cell shows a 
conversion efficiency of ~16% with the CuO film thickness only 1.5µm. When a back 
surface field layer, such as Cu2O, is added at the back of this device, the open circuit 
voltage (VOC) can be improved by 70% without sacrificing short circuit current, 
resulting in a conversion efficiency of ~28%, increased by ~70% as compared to the 
two-layered structure. This is close to the theoretical maximum efficiency of silicon 
single junction solar cell, which requires a 200~400µm thickness film. Modelling also 
shows the alternative Schottky barrier type MO semiconductor solar cells can perform 
well. For an ideal Metal/CuO Schottky barrier solar cell, the conversion efficiency 
could be as high as ~17%, better than the TiO2/CuO hetero-junction solar cell.  
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The effects of defects and interface states are then considered for more realistic cases 
as there exists vast amount of defects mostly due to oxygen/metal 
vacancies/interstitials in the films, and vast amount of interface states due to the large 
lattice mismatch of the two materials used. All defects and interface states in the solar 
cell layers, hetero-junction interfaces and metal/semiconductor contacts are found 
detrimental to the cells. For example, if the defect concentration in the CuO layer in 
TiO2/CuO structure is compatible to the acceptor concentration of 1x1016cm-3, the cell 
efficiency would be reduced dramatically to 7%. With defect concentration even as 
low as 1x1013cm-3, the significant VOC improvements in the TiO2/CuO/Cu2O would be 
reduced to an ignorable value. For interface states, they capture and recombine both 
electrons and hols passing through the hetero-junction interface, leading to deteriorated 
performance. The simulation shows that the interface states have a detrimental effect 
on the performance if its density is higher than 1012cm-2. However it was found that by 
increasing the difference of doping concentration in p-n junctions, the interface state 
effect minimized significantly.  
Furthermore, it is found the optical reflection at hetero-junction interface may induce a 
serious conversion efficiency loss, if the n-type semiconductors and p-type 
semiconductors have very different refractive indices. For some MO devices such as 
TiO2/CuO and ZnO/Cu2O, the reflection rate is around 5%, while for other material 
systems such as ZnO/Si, or ITO/Ge, the interfacial optical reflection may reach 
10~30%, resulting in an efficiency loss by ~10%. It is also found that the interfacial 
reflection should be calculated through experimental data of refractive index at each 
photon frequency, rather than the dielectric constant. Otherwise, huge error may be 





 Table of Contents 
 
Table of Contents ........................................................................................................................... IV 
List of Tables and Figures ............................................................................................................. VII 
List of Abbreviations and Symbols ................................................................................................ XV 
Chapter 1 Introduction .................................................................................................................. 1 
1.1 Background Information ...................................................................................... 2 
1.2 Solar Cell Simulation Work, the Research Topic.................................................... 4 
1.3 Thesis Structure ................................................................................................... 5 
Chapter 2 Literature Review .......................................................................................................... 8 
2.1 History Background.............................................................................................. 8 
2.2  Modern PV Solar Cells .......................................................................................... 9 
2.2.1 Si­based Solar Cells.......................................................................................... 9 
2.2.2 III­V Compound Semiconductor Solar Cells .....................................................14 
2.2.3 Chalcogenide Semiconductor Solar Cells ........................................................15 
2.2.4 Metal Oxide Semiconductor Solar Cells ..........................................................18 
2.3 Device Simulation .............................................................................................. 22 
2.3.1 Key Fundamental Equations and Simulation Tools ................................................22 
2.3.2 One­Dimensional Device Simulation ...............................................................26 
2.4 Summary ........................................................................................................... 34 
Chapter 3 The Semiconductor Theory Contained in the Simulation Approach ............................50 
3.1 Materials ........................................................................................................... 50 
3.1.1 Energy bands and material classification ........................................................50 
3.1.2 Intrinsic semiconductors ................................................................................52 
3.1.3 Extrinsic semiconductors ................................................................................53 
3.2 Joining Materials Together ................................................................................. 54 
3.2.1 P­n junction formation ...................................................................................55 
3.2.2 Band offsets at interfaces ...............................................................................57 
3.2.3 Interface­states (ISt) density...........................................................................60 
3.3 Carrier Generation, Transportation and Recombination ..................................... 60 
3.3.1 Poisson’s equation .........................................................................................61 
V 
3.3.2 Generation and recombination ......................................................................62 
3.3.3 Continuity equations ......................................................................................64 
3.3.4 Optical modelling ...........................................................................................66 
3.4 Solar cell efficiency ............................................................................................ 67 
3.5 Summary ........................................................................................................... 68 
Chapter 4 Silicon Solar Cell Simulation .......................................................................................70 
4.1 Simulation Settings ............................................................................................ 70 
4.2 Results and Discussion ....................................................................................... 72 
4.2.1 Validation of simulation packages ..................................................................72 
For the purpose of validation of simulation packages, a simple solar cell geometry is used 
as the testing structure. Comparison between simulation results and analytical results 
produced by theories and equations in Chapter 3 is made in this section. For a simple 
double layered solar cell geometry shown in Fig.4.1, the simulation settings for both of 
the layer can are list in Table 4.2. ..................................................................................72 
4.2.2 Ideal situation ................................................................................................75 
4.2.3 Non­ideal situation .........................................................................................80 
4.3 Summary ........................................................................................................... 80 
Chapter 5 Ideal Metal Oxide Hetero-junction Solar Cells ............................................................83 
5.1 Simulation Settings ............................................................................................ 84 
5.1.1 Simulation settings for band­gap engineering.................................................85 
5.1.2 Simulation settings for WA and WAV structures .............................................86 
5.2 Results and Discussion ....................................................................................... 87 
5.2.1 TiO2 bandgap engineering ..............................................................................87 
5.2.2 WA solar cell with various metal oxide semiconductors..................................93 
5.2.3 WAV solar cell and V­layer BSF effects..........................................................105 
5.3 Summary ......................................................................................................... 114 
Chapter 6 Metal Oxide Hetero-junction Solar Cell with Defects and Interface States ................ 118 
6.1 Simulation Settings .......................................................................................... 119 
6.2 Results and Discussions.................................................................................... 121 
6.2.1 TiO2/CuO structure defect problems ............................................................122 
6.2.2 TiO2/CuO/Cu2O structure defect problems ...................................................129 
6.2.3 Interface states problems .............................................................................132 
6.2.4 Realistic simulations and fabrication requirements discussions ....................139 
6.3 Summary ............................................................................................................... 141 
VI 
Chapter 7 Metal Oxide Schottky Barrier Solar Cells .................................................................. 143 
7.1 Simulation Settings .......................................................................................... 144 
7.2 Results and Discussion ..................................................................................... 145 
7.2.1 Schottky barrier solar cell thickness ..............................................................146 
7.2.2 Barrier height for both of the contacts .........................................................148 
7.2.3 Back surface field effect for MSV structure ...................................................151 
7.2.4 Comparison of CuO and Cu2O Schottky barrier solar cells .............................153 
7.3 Summary ......................................................................................................... 155 
Chapter 8 Hetero-junction Solar Cell Interfacial Optical Reflection .......................................... 158 
8.1 Reflection at the Internal Interfaces ................................................................. 159 
8.2 Error Source of the Reflectance in Simulation .................................................. 163 
8.3 Summary ......................................................................................................... 165 
Chapter 9 Conclusions and Future Work ................................................................................... 168 
9.1 Conclusions ........................................................................................................... 168 
9.2 Future work ........................................................................................................... 171 
APPENDIX A ............................................................................................................................... 175 









List of Tables and Figures 
 
Tables 
Table 2.1  Energy bandgaps of crystalline silicon and amorphous silicon alloys. 
Table 2.2  Properties of some selected metal oxide semiconductors. (*Note: EG for 
energy bandgap, Xe for electron affinity). 
Table 4.1  Parameter setting ranges for Si-cells. The data in the brackets are constant 
settings for the model when varying that parameter. The sequence is (p-layer 
thickness, n-layer thickness, p-layer doping concentration, n-layer doping 
concentration). 
Table 4.2  Device modelling parameter settings for each layer in p/n Si solar cell in 
Fig.4.1. 
Table 5.1  TiO2 bandgap engineered solar cell variable settings. The values in three 
brackets in each table cell represent: (top-layer thickness, bottom-layer 
thickness) (top-layer doping concentration, bottom-layer doping concentration) 
and (top-layer EG, bottom layer EG). Parameters with ‘~’ are the variables 
while all other parameters are set constant. 
Table 5.2  Device modelling parameter settings for each layer in WA and WAV 
structures. 
Table 5.3  Variable setting ranges and the corresponding constant settings. (Parameters in 
the brackets are in the sequence of W-layer thickness, A-layer thickness, W-
layer doping concentration and A-layer doping concentration). 
Table 6.1  Simulation settings for each material (ideal starting model). 
Table 6.2  Simulation settings for defects. 
Table 6.3  Simulation settings for interface states. 
Table 7.1  Device modelling parameter settings for each layer in MS and MSV structures. 
VIII 




Figure 1.1 Global energy transition predicted by German Advisory Council on Global 
Change, 2003. 
Figure 1.2 Typical solar cell structure, on N-Type Silicon substrates. 
Figure 1.3  Mechanism of band gap engineering (EC). 
Figure 2.1  Typical screen-printed first-generation solar cell. 
Figure 2.2  The OECO-MIS-IL Schottky barrier Si solar cell. (the inversion layer is the 
metal layer). 
Figure 2.3 The typical structure of thin-film polycrystalline silicon solar cell fabricated by 
Yamamoto et al and Gall et al.  
Figure 2.4  The structure of HIT solar cell developed by Sanyo Ltd. 
Figure 2.5  Typical configuration of CdS/CdTe hetero-junction solar cell. 
Figure 2.6  Typical CIGS solar cell configuration and band diagram. 
Figure 2.7  The TCO/CuO/C60/Al solar cell configuration. 
Figure 2.8  Two cell configurations and the corresponding band diagrams. 
Figure 2.9  Graded CIGS band-gap profiles Song et al. proposed. 
Figure 2.10  Simulated outputs of tandem cells consist of various numbers of sub-cells. 
Figure 3.1  Band diagram for (a) insulator, (b) semiconductor and (c) conductor. 
Figure 3.2 P-n junction formation, and the diffusion & drift phenomena. 
Figure 3.3 Charge and electric field distribution of (a) abrupt junction and (b) linearly 
graded junction. 
Figure 3.4 Band diagrams of two semiconductors when they: (a) are isolated, and (b) 
form a hetero-junction. 
Figure 3.5 Band diagram of isolated (a) and junction (b) of metal and semiconductor; 
charge (c) and electric-filed (d) distribution in the junction. 
Figure 3.6  I-V curve of a TiO2/CuO/Cu2O solar cell generated by AFORS-HET software 
Figure 4.1  Schematic silicon-based solar cell model. 
X 
Figure 4.2 Band diagram of validation Si solar cell geometry produced by AMPS-1D. (a) 
the overall band diagram, and (b) the detailed diagram at the p/n junction area. 
Figure 4.3  I-V curve of the validation Si solar cell produced by AMPS-1D. 
Figure 4.4  Performances vs. layer thickness of (a) p-type top layer and (b) n-type bottom 
layer. 
Figure 4.5  Performances vs. doping concentration of (a) p-type top layer and (b) n-type 
bottom layer. 
Figure 4.6  Solar cell performances v.s. BSF barrier height. 
Figure 4.7  Performance affected by the concentration of (a) donor-like defects and (b) 
acceptor-like defects in top p-type layer. 
Figure 4.8  Performance affected by the concentration of (a) donor-like defects and (b) 
acceptor-like defects in bottom n-type layer. 
Figure 4.9  Current density components in ideal device. 
Figure 5.1  Starting structures for the simulation study in this chapter: a) bandgap 
engineering –based on TiO2 alloying; b) Window/Absorber (WA) structure 
with emphasis on TiO2/CuO system; and c) Window/Absorber/Voltage-
Enhancer (WAV) structure with emphasis on TiO2/CuO/Cu2O. 
Figure 5.2  TiO2 two-layered structure, layer thickness effects: (a) top n-type layer and (b) 
bottom p-type layer. 
Figure 5.3  TiO2 cell performances vs. (a) top layer doping concentration and (b) bottom 
layer doping concentration. 
Figure 5.4  TiO2 cell performances vs. (a) top layer bandgap, and (b) bottom layer 
bandgap. 
Figure 5.5  Performances vs. top layer thickness (100nm~500nm) when the top-
layer/bottom-layer EG are set 1.6eV/1.55eV. 
Figure 5.6  Band diagrams of solar cells in Fig.5.5 when top layers are set 100nm (a) and 
500nm (b). 
Figure 5.7  Band diagram of TiO2/CuO solar cell in WA structure. 
XI 
Figure 5.8  The effects of the W-layer (a) and A-layer (b) thickness on the performances 
of the WA cell. 
Figure 5.9  The effects of W-layer (a) and A-layer (b) concentration on the cell 
performances of WA cell. 
Figure 5.10  Band diagram for different A-layer doping levels: curves (a) 1x1018 cm-3; (b) 
5x1016 cm-3; (c) 5x1014 cm-3with a constant W-layer doping concentration at 
1x1019 cm-3. 
Figure 5.11  Band diagram of ZnO/Cu2O solar cell. 
Figure 5.12  Thickness effects of (a) ZnO W-layer and (b) Cu2O A-layer. 
Figure 5.13  Doping concentration effects of (a) ZnO W-layer and (b) Cu2O A-layer. 
Figure 5.14  Cu2O A-layer doping concentration effect when conduction band offset 
ΔEC=0eV. 
Figure 5.15  Results of band offset (qχCuO – qχTiO2=-0.9eV~+0.7eV) simulation. 
Figure 5.16  Band structures for various conduction band offset, ΔEC, within WA structure. 
Figure 5.17  Performances vs. absorber A-layer band-gap in WA structure. 
Figure 5.18  Band diagram of WAV solar cell (TiO2/CuO/Cu2O). 
Figure 5.19  Performances vs. V-layer thickness for different A-layer thickness: (a) 800nm, 
(b) 100nm. 
Figure 5.20  The CuO (A-layer) thickness effects in TiO2/CuO/Cu2O WAV structure. 
Figure 5.21  Effects of V-layer bandgap and hence, ΔEC on WAV cell performances. 
Figure 5.22  VOC v.s. V-layer bandgap for various V-layer doping concentration. 
Figure 5.23  Band diagram (a) and electric field (b) near A/V interface when V-layer 
EG=1.4V (<EGC). 
Figure 5.24  VOC v.s. V-layer bandgap for various A-layer thicknesses (same settings as in 
Fig. 5.23). 
Figure 5.25  Current components of WA and WAV structures under short circuit condition. 
Figure 5.26  Effects of A-layer bandgap on WAV solar cell performances. 
Figure 6.1  Performances vs. donor-like defect density in the TiO2 W-layer. 
XII 
Figure 6.2  Band diagrams of WA cell with (a) 1x1018cm-3 acceptor-like defects and (b) 
1.1x1019cm-3 acceptor-like defects in the n-type W-layer (doping concentration 
=1x1019cm-3). 
Figure 6.3  Performances vs. acceptor-like defects (a) and donor-like defects (b) in CuO 
A-layer concentration. 
Figure 6.4  Band diagram of WA solar cell with donor-like defect concentration of 
(a)1x1014cm-3 and (b)1x1017cm-3 in the p-type A-layer(acceptor doping 
concentration is 1x1016cm-3). 
Figure 6.5  Solar cell performances vs. CuO A-layer doping concentration, when A-layer 
is set constant acceptor-like defect at 5x1015cm-3 (black squares) and when A-
layer is set free of defects (red triangles). 
Figure 6.6  Solar cell performances vs. the energy level (above EV) of defects in p-type A-
layer with 1x1016cm-3 acceptor concentration. (Defects are set acceptor-like, 
Gaussian distribution and 5x1015cm-3 concentration). 
Figure 6.7  Performances vs. acceptor-like defects-induced p-type A-layer doping 
concentration. 
Figure 6.8  Effects of acceptor-like defect concentration in the V-layer. 
Figure 6.9  Solar cell performances vs. A-layer acceptor-like defect density for WA and 
WAV structure. 
Fig.6.10  JSC, VOC, FF and EFF vs. density of acceptor-like ISt at W/A interface on WA 
solar cell performances. (The energy level of ISt are written as EIST above EV 
of TiO2 W-layer, equivalent to EIST-1.58eV above EV of CuO A-layer). 
Figure 6.11  Performances of solar cells with different W-layer doping concentration, vs. 
interface states density. 
Figure 6.12  A/V interface ISt density effects at different V-layer doping concentration: 
1x1016cm-3 (black hollow square) and 1x1019cm-3 (red cross). 
Figure 6.13  I-V curves of ideal WAV cells when V-layer is doped at 1x1016cm-3 (black 
hollow square) and 1x1019cm-3 (red cross) [the two curves overlaps]. 
XIII 
Figure 6.14  I-V curves of solar cells with different V-layer doping concentration: (a) 
1x1016cm-3 and (b) 1x1019cm-3 when the ISt are able to effectively capture 
‘both electrons and holes’ (black hollow squares), ‘electrons-only’ (red cross) 
and ‘holes-only’ (blue hollow triangles). 
Figure 7.1  Schematic diagrams of MS (a) and MSV (b) Schottky barrier solar cell 
structures. 
Figure 7.2  Band diagrams of MS (a) and MSV (b) structure solar cells. 
Figure 7.3  Cell performances vs. CuO layer thickness (front illumination and back 
illumination). 
Figure 7.4  Cell performances vs. Schottky barrier height. All the parameters increase with 
the barrier height. 
Figure 7.5  Cell performances vs. back contact barrier height (negative BH value 
represents an Ohmic contact with heavily-doped layer). 
Figure 7.6  Band diagrams for various situations of the back contact: (a) -0.3eV; (b) 
0.1eV. 
Figure 7.7  Comparison of MS (dots), MSV (square) and WAV (triangle) cell 
performances as a function of CuO thickness. Cu2O is assumed to have 
EG=2.1eV and 100nm thickness. 
Figure 7.8  Carrier generation rate in illuminated MSV solar cell. The generation rate in 
V-layer is about six orders of magnitude smaller than that in CuO layer. 
Figure 7.9  Comparison of ideal CuO and Cu2O Schottky barrier solar cells. (The data for 
CuO MS cell is the same as MS plot in Fig.7.7, and doping concentration is 
1016/cm3 for both the materials). 
Figure 7.10  Results for CuO MS solar cell with an additional 5nm Cu2O layer at the front, 
and the settings are the same as in Fig.9: (a) band diagram (only up to 500nm 
is shown for easy view) and (b) I-V characteristic which has a strange 
behaviour possibly due to large resistance introduced by the barrier of the thin 
layer. 
XIV 
Figure 8.1  Schematic drawing for reflection and refraction at the interface of a hetero-
structure. 
Figure 8.2  Reflectance as a function of the window layer refractive index for hetero-
junction solar cells with various A-layer refractive index. 
Figure 8.3  Reflectance vs. wavelength for some hetero-junction systems. 
Figure 8.4  Comparison of I-V curves of TiO2/CuO cells using different refractive indices 
measured and calculated from the permittivity. 
Figure AA1  AMPS-1D main user interface.  
Figure AA2  Voltage biasing input: -1.50V~1.50V, which is the I-V measurement range. 
Figure AA3  Illumination intensity defined by ‘LAMBDA’ and ‘FLUX’, material optical 
absorption coefficient defined by ‘ALPHA’, and optical absorption edge 
defined by ‘Eopt’ 
Figure AA4  Simulation temperature settings 
Figure AA5  Front and back contact settings.  
Figure AA6  Layer information settings. 
Figure AB1  AFORS-HET main user interface.  
Figure AB2  Structure define. 
Figure AB3  Front Contact settings. 
Figure AB4  Layer property definition. 
Figure AB5  Define the defects. 
Figure AB6  Define of interface states.  







List of Abbreviations and Symbols 
 
Abbreviations 
A-layer  Absorption layer 
BH  Barrier height 
BSF  Back surface effect 
ISt  Interface states 
M/S  Metal/Semiconductor 
MSV  Metal/Semiconductor/Voltage-enhancement 
MO  Metal oxide 
S/S  Semiconductor/Semiconductor 
SBH  Schottky barrier height 
SRH  Shockley-Read-Hall recombination process 
V-layer  Voltage-enhancement layer 
WA  Window-Absorber double-layer single hetero-junction structure 
WAV Window-Absorber-Voltage-enhancement triple layer, double hetero-junction 
structure 
W-layer Window layer 
 
Symbols (English letters) 
cn  Electron capture cross-section for a recombination centre 
cp  Hole capture cross-section for a recombination centre 
Dn  Electron diffusivity 
Dp  Hole diffusivity 
EC  Bottom of conduction band 
[EC-EF]  Important parameter in AMPS-1D to define contact barrier properties 
EFF  Conversion efficiency (solar cell) 
XVI 
EF  Fermi energy level 
EG  Energy bandgap of semiconductors 
EGC Critical energy bandgap value for Voltage-enhancement-layer in WAV 
structure 
EV  Top of valence band 
F(E)  Fermi-Dirac distribution 
FF  Fill factor (solar cell) 
G  Carrier generation rate 
h  Planck constant 
JSC  Short circuit current (solar cell) 
Jn  Electron current 
Jp  Hole current 
k  Boltzmann constant 
l  Mean free path 
Ln  Electron diffusion length in p-type semiconductor 
Lp  Hole diffusion length in n-type semiconductor 
m0  Electron rest mass 
mn  Effective mass of electrons 
mp  Effective mass of holes 
n   Electron concentration 
ni  Intrinsic carrier concentration 
NA  Acceptor doping concentration 
NC  Effective density of states in conduction band 
ND  Donor doping concentration 
NV  Effective density of states in valence band 
p   Hole concentration 
q  Elementary charge 
R  Carrier recombination rate 
XVII 
RE  Reflection coefficient of light at an interface 
Sr  Surface recombination speed 
T  Temperature (in Kelvin) 
vth  Average thermal velocity 
Vbi  Build-in electric field 
VOC  Open circuit voltage (solar cell) 
W  Depletion region width 
 
Symbols (Greek letters) 
α  Absorption coefficient 
ε  Relative permittivity 
ξ  Electric field 
κ  Attenuation coefficient of light, related to absorption coefficient α 
μn  Electron mobility 
μp  Hole mobility 
σ  Capture cross section (recombination centres to carriers) 
τc  Mean free time 
Ψ  Electrostatic potential 
qΧe  Electron affinity of semiconductors 
qΦM  Work function of metal 
qΦS  Work function of semiconductor  








In the progress of human society, each level of civilization could be indicated by the 
resources of energy and format of power. The main energy resource in Ancient Age is 
human physical power, such as hunting, gathering and human-powered agriculture, 
etc. During both feudal  and enlightenment ages, human power and animal power are 
the main power format, with some simple use of fossil and renewable energies, such as 
wood, coal, wind mills and water mills. With the uplift into industrial age, fossil 
energy, for example; coal, natural gas and oil began to take the lead in global energy 
consumption, in the format of heat in steam engine and modern engines. From 
Twentieth century to the present, electricity becomes a main energy format in the 
modern electrical age, converted from various energy resources which include fossil 
energy and some renewable energy.  
However, due to the foreseeable running out of fossil fuels and related environmental 
problems, including air pollution and global warming, man-kind has started to develop 
clean renewable energy resources. Hydropower, nuclear power, wind power, 
geothermal power, tidal power, solar power and biomass, etc. were introduced and are 
still being developed as future energy options to replace fossil fuels. Of these 
renewable energy formats, solar power is widely considered as one of the key ones for 
the 21st century, due to its abundant and wide-accessible characteristics. Fig.1.1 shows 
a prediction of the global energy consumption and composition for 21st century by the 
German Advisory Council on Global Change in 2003 [1]. The Council indicates that 
25% of global energy consumption in 2050 and even up to 65% by the end of 21st 
century will be provided by the renewable energy, especially solar photovoltaic 
energy. This survey gives the general idea of solar photovoltaic energy being vitally 
important to the world in the near future.  
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Nowadays, photovoltaic (PV) solar cells are widely available for practical applications. 
Solar power plants and domestic roof top solar panels can be found in many places 
around the world. Solarbuzz, a solar market research and analysis group, has 
demonstrated that the global PV market size increased by 139% pa, to 18.23GW in 
2010, Worthing £82 billion [2]. The energy transition evolution as predicted seems to 
be moving faster and faster and will gradually lead the world into the renewable-low-
carbon energy era. 
 
Figure 1.1 Global energy transition predicted by German Advisory Council on Global Change, 2003 [1]. 
 
1.1 Background Information 
Photovoltaic (PV) solar cells are the kind of devices which transform the energy of 
photons from solar spectrum directly into electricity. The core of PV solar cells is a p-n 
junction, a metallurgical connection between a p-type semiconductor and n-type 
semiconductor. This junction provides a built-in electrical field, which separates 
electrical carriers activated by photons and transports them to the two cell terminals 
providing a voltage, and by supplying an electrical current, if it is connected to a load. 
Fig.1.2 [3], shows a typical silicon solar cell structure. The junction between red 
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coloured n-type silicon and yellow coloured p-type silicon is the p-n junction in this 
structure. Other parts, such as the blue oxide anti-reflection layer and P+ back surface 
field layer can enhance the performance of the cells or solve various technical 
problems. 
 
Figure 1.2 Typical solar cell structure, on N-Type Silicon substrates [3]. 
 
Currently, the majority of the solar cells are manufactured using silicon: single 
crystalline, polycrystalline and amorphous. They are different in manufacturing cost 
and performance due to the perfection levels of the materials. As a result of silicon, a 
low optical absorption rate is shown, it is always necessary to manufacture solar cells 
at a thickness of several hundred micrometers and hence lots of materials are 
consumed. Apart from silicon solar cells, III-V semiconductors, II-VI compounds and 
metal oxide semiconductors in thin film structured solar cells have either been 
commercialized or are being developed. However, all of the solar panels now available 
are either still too expensive, low in material storage or toxic to replace traditional 
fossil energy. Therefore the search for low-cost materials, material-saving structures 
and low-cost-easy processes is always ongoing. 
Metal oxide semiconductors, both abundant and cheap, are considered to be a 
sustainable group of the future PV materials. They have a wide spread of energy 
bandgap to allow flexible combinations for various structures. For example, ZnO, a 
natural n-type semiconductor with a wide energy bandgap over 3.0eV is suitable for 
the fabrication of solar cell window layers as it is transparent to most of solar 
spectrum. If properly doped with Al, ZnO can even be used as the window layer 
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electrode due to its perfect conductivity and transparency characteristics. Furthermore, 
Cu2O and CuO, natural p-type semiconductors with an energy bandgap about 2.1eV 
and 1.2~1.8eV, can absorb a considerable proportion of the solar spectrum effectively 
within only several micrometers thickness. Therefore, they are candidate materials for 
the absorption layer of thin film solar cells. 
Apart from the natural properties, the bandgap value of some metal oxides could be 
engineered manually by introducing some foreign elements. TiO2, for example, has a 
natural bandgap of 3.0~3.2eV and can absorb only the ultraviolet part, about 5%, of 
the solar spectrum. It could be doped or alloyed, most currently, with other elements to 
reduce the bandgap to 2.9eV, 2.6eV, 2.2eV and 1.5eV to allow much more solar 
absorption [4-10]. As shown in Fig.1.3, this bandgap engineering is mostly realised by 
the widening of mini-energy bands to merge with either conduction band or valence 
band so hence the miniband edge becomes the new band edge. The bandgap, therefore, 
is engineered as desired. 
 
Figure 1.3 Mechanism of band gap engineering (EC). 
 
1.2 Solar Cell Simulation Work, the Research Topic 
By using various candidate semiconductors, researchers can develop various solar cells 
in a wide range of structures. However, to save development costs, before the practical 
work commences a simulation study is always needed for the materials selection and 
structures design. 
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For this reason, various solar cell simulation software have been developed around the 
world, and many others are in development. There are generally two kinds of models, 
first-principal simulation and neural-network simulation. The former one is usually 
used in simple solar cell simulation, the mechanisms of which are understood well in 
the early stage of device development. The latter one is always used for the 
performance predictions of complex structures such as multi-junction cells and solar 
arrays; the interference factors of which are massive and are thus, difficult to be 
considered comprehensively. These simulation tools make huge contributions during 
the development of solar cells with new materials and new structures. 
This thesis records a systematic, first-principal simulation study of solar cell devices 
by using various candidate semiconductors, mainly consisting of natural or bandgap 
engineered metal oxides in various structures. The solar cell performances of these 
materials and structures are predicted and optimised for fabrication work. 
Nevertheless, at the same time, the understanding of functions of layers in solar cells is 
deepened. Therefore, guidance is drawn for cell fabrications and future solar cell 
designs. 
 
1.3 Thesis Structure 
This thesis presents the whole PhD study in the following parts: Introduction; 
Literature Review; The Semiconductor Theory Contained in the Simulation Approach; 
Silicon Solar Cell Simulation; Ideal Metal Oxide Hetero-junction Solar Cell; Metal 
Oxide Hetero-junction Solar Cell with Defects and Interface States; Metal Oxide 
Schottky-barrier Solar Cells; Hetero-junction Solar Cell Interfacial Optical Reflection 
and Conclusions and Future Work. 
Chapter 2 Literature Review: The previous work is reviewed in two parts. In the first 
part of the review, the materials, development, performances and structures of silicon 
solar cells, III-V compound solar cells, chalcogenide compounds solar cells and metal 
oxide solar cells is reviewed. In the second part, the theoretical simulation work, with 
emphasis on structural simulation, is reviewed.  
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Chapter 3 The Semiconductor Theory Contained in the Simulation Approach: The 
simulation tools, AMPS-1D and AFORS-HET will be introduced. In addition, some 
basic theory and equations for semiconductor physics and solar cell physics, used in 
the simulation, will be presented.  
Chapter 4 Silicon Solar Cell Simulation: This chapter is about a brief simulation study 
of well understood Si-solar cells. By the comparisons to existing Si-cells and theory, 
the understanding to solar cell principles can be deepened and the simulation tools 
could be calibrated.  
Chapter 5 Metal Oxide Hetero-junction Solar Cell Simulation (Ideal):  This is one of 
the main parts of this study, concentrating on the study of solar cell structures. In this 
Chapter, various MO solar cells will be simulated, including TiO2 bandgap-engineered 
solar cells, TiO2/CuO solar cell, ZnO/Cu2O solar cell and TiO2/CuO/Cu2O solar cell. 
All of these solar cells are in Window/Absorber (WA) or Window/Absorber/Voltage-
enhancer (WAV) structures. The functions and mechanisms of each layer will be 
studied and understood. The feasibility of MO solar cell will be discussed.  
Chapter 6 Metal Oxide Hetero-junction Solar Cell with Defects and Interface States: 
Chapter 5 discussed the ideal metal oxide (MO) solar cell performances and 
application. This chapter will present a simulation study on MO solar cell considering 
defects and interface states which are serious practical problems for hetero-junction 
solar cells under development. Based on the study, the functions of defects and 
interface states will be understood, and relevant principals will be summarized for 
design and fabrication in the future. 
Chapter 7 Metal Oxide Schottky Barrier Solar Cell Simulation:  As another important 
part of the study, this Chapter is a full record of systematic simulation study on 
Schottky barrier solar cells, similar to Chapter 5, and still based mainly on metal oxide 
semiconductors.  
Chapter 8 Hetero-junction Solar Cell Interfacial Optical Reflection:  The interfacial 
optical reflection at hetero-junction solar cell interface caused by the refractive index 
difference between semiconductors is seldom considered. In some of the simulation 
tools, the numeric models to simulate this reflection are not precise, and may cause 
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considerable error to the output. Comparison of practical and simulation results of 
various solar cells will be discussed, in detail, within this Chapter. 
Chapter 9 Conclusions and Future Work: The whole research and the important 
understandings of solar cells, conducted from the research, are summarized. Therefore 
guidance for solar cell fabrication and future invention and design will be concluded. 
Future work based on this research is proposed. 
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2.1 History Background 
Invented in the 19th century, photovoltaic solar cells didn’t become practical until 
1954, producing a conversion efficiency of approximately 6% [1]. It was made of a 
thin layer of p-type silicon (<0.0001 inch) on an n-type silicon substrate. Almost at the 
same time, the early development in thin film solar cell was conducted by Reynolds et 
al [2] on cross-section illumination of a 3mm thick CdS sample, producing an open-
circuit voltage of 0.4V and a short-circuit current of 15mA/cm2 in 1954. Silicon solar 
cell was then first applied on satellite Vanguard 1 in 1958 [3]. Due to the great success 
achieved by using solar cells, many other satellites were also designed to be powered 
by solar PV energy. 
The intensive effort for wide-spread terrestrial application of solar cells, due to the 
fossil energy crisis, was started to be made from the 1970s [4]. The research at the time 
was not only on improving performance/cost ratio of silicon solar cells, but also on 
developing new material systems and structures, such as GaAs, AlGaAs, CdS, CdTe, 
indium tin oxide (ITO) , Cu2O, InP, polymers etc. in tandem, 
Metal/Insulator/Semiconductor (MIS), etc structures [5-20]. In the 1980s and 1990s 
many of these semiconductors and structures were later developed into modern solar 
cells. Currently, commercial III-V semiconductors (GaAs, InP etc.), chalcogenide 
compounds (CdS, CdTe etc.), and silicon-based solar cells, for various applications, 
are widely available. Meanwhile these materials, together with other potential PV 
semiconductors such as metal oxides are always under improvement to reduce energy 
production costs, in order to compete with traditional fossil energies. In Section 2.2, 
some recent research achievements and the status of those currently commercially 
available and future PV solar cells are reviewed. 
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2.2  Modern PV Solar Cells 
In the past 20 years, the technologies have been developed and the fabrication cost has 
been reduced significantly for many solar cells. Silicon, III-V semiconductors and 
chalcogenide compounds solar cells are widely available. Due to the still high energy-
production costs compared to fossil fuels and un-sustainable resources of some 
semiconductors, some other substitute semiconductors such as metal oxides and 
polymers are being developed.  
2.2.1 Si-based Solar Cells 
Silicon is an indirect bandgap semiconductor with an energy bandgap of 1.12eV [21]. 
The materials used in PV application can generally be classified into single-crystalline, 
poly-crystalline and amorphous silicon.  
2.2.1.1 Single-crystalline silicon solar cells 
Generally single-crystalline silicon solar cells were fabricated on single-crystalline 
silicon wafers, and the electrodes were deposited by using screen printing technology, 
as shown in Fig.2.1 
 
Figure 2.1 Typical screen-printed first-generation solar cell [22]. 
 
As a consequence of the simplicity of the contact screen printing techniques, the cell 
performance is limited. Further design of the electrode contacts and structures were put 
into practice, such as buried contact solar cell by using laser grooving technique to 
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achieve high conversion efficiency >18% [22-25]. Zhao et al. [26] also reported 
recently an efficiency of 24.5% achieved on the so-called ‘passivated-emitter, rear 
locally/totally (singly)/totally (doubly) diffused’ cell structures using various silicon 
substrates with thickness of 250~400μm. The best performance was achieved from the 
cells of 400μm Si-substrate with an open circuit voltage, VOC, of ~704mV, short circuit 
current density, JSC, of ~41.6mA/cm2, fill factor, FF, of ~0.835, and conversion 
efficiency, EFF, of ~24.5%. These advanced contact structures and surface passivation 
techniques have made the cell performance close to the theoretical limit of 29~31% 
[27-29] for the conventional single junction silicon solar cell.  
Many single junction silicon solar cells have a heavily doped back surface field (BSF) 
layer [22-26,30,31], similar to the bottom p+ layer shown in Fig.2.1. It is found the 
VOC, JSC, FF and hence, EFF can be improved by introducing this BSF effect layer. A 
large amount of work has been done to understand the mechanism of this BSF effect. 
Experimentally, Godlewski et al. [32] reported the BSF effect can only be significant if 
the distance between the p/n junction and the BSF layer is smaller than approximately 
3 times of minority carrier diffusion length in the absorption layer. Theoretically, 
Singh and Jain [33] explained the BSF effect most successfully as followed: the BSF 
layer can block and reflect minority carriers to contribute to VOC. The effectiveness of 
the blocking and reflection effects may vary depending on the comparison between 
minority carrier concentration and doping concentration, or the distance between BSF 
layer and p/n junction.  
Apart from the main body of the cell, some additional structures such as the pyramid-
shaped anti-reflection coating and optical reflective rear metal contacts are also used to 
improve the performance to the theoretical limit. With these structures, the light can be 
trapped effectively within the cell maximum 40 times compared to those without the 
structures [34,35]. 
Apart from p-n junction type solar cells, metal/semiconductor (MS) Schottky type and 
metal/insulator/semiconductor (MIS) type structured solar cells have been developed 
and some of them have been commercialized as well. The majority of these solar cells 
are based on single crystalline silicon, and have achieved efficiencies from 15% to the 
highest of 19.6% [36-40]. The cells with 19.6% efficiency have a structure as shown in 
Fig.2.2. Schottky barrier solar cells show some  advantages over  p/n junction type 
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solar cells, such as simple structure, simple fabrication process, low temperature 
processing, reasonably good efficiencies, limited problems from the interface states 
introduced by semiconductor lattice mismatch etc [41-48], but these have lower 
efficiencies. 
 
Figure 2.2 The OECO-MIS-IL Schottky barrier Si solar cell. (the inversion layer is the metal layer) [40]. 
 
2.2.1.2 Poly-crystalline and amorphous silicon solar cells 
In order to reduce the cost of PV solar cells, polycrystalline and amorphous silicon 
materials have been developed to be applied in various techniques. For solar cells it is 
always necessary to texture the surface to achieve good performances and it is the 
same for solar cells on polycrystalline silicon wafers [49]. Efficiency was achieved of 
19.8% (VOC~654mV, JSC~38.1mA/cm2, FF~0.795) on a 260μm thick wafer with a 
honeycomb surface texture by Zhao et al. [50] in 1998. The conversion efficiency of 
mass produced poly-crystalline solar cells varies from 12% to 15% [27]. 
Poly-crystalline silicon is also used for thin-film structured cells, the thickness of 
which can be reduced to several micrometers on low-cost substrates, hence reducing 
the fabrication cost significantly. Yamamoto et al. reported that a stabilized efficiency 
of 12% is achieved on a-Si:H/poly-Si/poly-Si structured cells with a thickness of 
approximately 1.5μm, which is fabricated by using plasma chemical vapour deposition 
(CVD) on a glass substrate, as shown in Fig.2.3 [51]. Recently, CSG Solar Company  
has demonstrated a PV solar cell module made of poly-crystalline silicon on glass with 
an efficiency of 10.4% using solid-phase crystallization (SPC) technique [52]. Poly-
crystalline silicon films prepared by SPC technique normally have grain sizes of 1-
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2μm, close to the cell thickness. This means although the solar cells are poly-
crystalline, the carriers would travel in single crystals in the vertical direction, facing 
limited interface barriers caused by grain boundaries. In order to improve poly-
crystalline silicon grain quality and hence thin film solar cell performance, seed layers 
were introduced by Gall et al. [53] The cell was fabricated with the structure shown in 
Fig.2.3 showing an efficiency of 5.8% (VOC~570mV, JSC~13.3mA/cm2 and FF~0.76). 
The cell has an absorber thickness of about 1800nm, a p+ back surface field seed layer 
thickness of 375nm. 
  
Figure 2.3 The typical structure of thin-film polycrystalline silicon solar cell fabricated by Yamamoto et 
al (left) [51] and Gall et al (right) [53]. 
 
Due to its very low carrier mobility (<1cm2/V-s) [54] and high absorption coefficient 
(about hundreds of times higher than that of crystalline silicon), amorphous silicon is 
usually used to fabricate solar cells in p-i-n or n-i-p thin film structure. Due to the 
amorphous nature, the material always shows a very high density (up to 1019/cm3) of 
defects, which reduces solar cell performance severely. To overcome this, various 
passivation technologies have been developed. In the passivation treatment, hydrogen 
atoms were introduced to terminate the silicon dangling bonds to reduce the defect 
density to a level of approximately 1015/cm3, acceptable for working cells. As thus, 
amorphous silicon solar cells are also known as a-Si:H. Due to the high concentration 
of hydrogen atoms,  the energy bandgap of the amorphous Si has significantly changed 
and the material can be consider to be a bandgap-engineered alloy of Si and H. As 
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reported in ref. [27] the bandgap of a-Si:H ranges from 1.7eV to 1.8eV.  Other Si-
based alloys have also been explored. For instance a-SiC:H with 10% carbon, has 
shown a bandgap of 2.0~2.2eV. Information for the representative materials is 
summarized in Table 2.1 
Because the bonding between silicon and hydrogen atoms in the intrinsic material is 
unstable under illumination, the cell performance always degrades gradually [27]. It 
was found that by reducing the intrinsic layer thickness,  controlling the process 
carefully and using tandem structure, this degradation of cell performance can be 
reduced significantly [55]. Kroll et al. [56] reported that an amorphous silicon a-Si:H 
solar cell of 0.3μm thickness with a p-i-n structure, has an initial efficiency of 10.1% 
(VOC~893mV, JSC~15.33mA/cm2, FF~0.740), which stabilizes at 8.2% (VOC~861mV, 
JSC~14.68mA/cm2, FF~0.645). Apart from the single junction structure, multiple-
junction cells were developed by Guha [57] with a conversion efficiency of 13.7%. 
Table 2.1 Energy bandgaps of crystalline silicon and amorphous silicon alloys [27]. 
Material EG min (eV) EG max (eV) 
c-Si 1.1 1.1 
μc-Si:H 1.0 1.2 
a-Si:H 1.7 1.8 
a-SiC:H 2.0 (in 20% C) 2.2 
a-SiGe:H 1.3 (in 60% Ge) 1.7 
a-Ge:H 1.1  
 
Another usage of amorphous silicon, a-Si:H, is the recently developed high efficiency 
hetero-junction solar cell with intrinsic thin-layer (the so-called HIT cell) by Sanyo 
Ltd. [58,59]. The structure is shown in Fig.2.4. The present achieved performance of 
the HIT cells is JSC~39.52mA/cm2, VOC~729mV, FF~0.800 and EFF~23.0%, one of the 
best performances from mass-production cells. Generally there are three main layers 
for this type of p+-n-n+ structure cell, the p+ type a-Si:H, n type c-Si and n+ type a-Si:H, 
similar to the p-i-n structure discussed previously. The respective thicknesses of the a-
Si:H layers and c-Si are 10nm and 200μm. Between each layer, there is an intrinsic 
thin amorphous silicon layer (10nm). Several simulation work have been done for this 
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novel structure to explain and solve related problems. The detailed work will be 
reviewed in the sessions about simulation. 
 
Figure 2.4 The structure of HIT solar cell developed by Sanyo Ltd. [59]. 
 
2.2.2 III-V Compound Semiconductor Solar Cells 
III-V compounds are a group of semiconductors suitable for the fabrication of high 
quality hence, high efficiency solar cells. GaAs, AaGaAs, GaP, InSb, InP etc. have 
been used to fabricate  single junction and multi-junction tandem solar cells, mostly for 
space applications, due to their wide choices of energy bandgap, high optical 
absorption coefficient, feasibility of high quality material fabrications and resistance to 
illumination degradation [5-7,27,60-63]. However, due to the sensitivity of cell 
performance to material quality, low cost techniques are not suitable for III-V solar 
cell fabrication. Therefore, one of the disadvantages for these solar cells is the high 
cost. As a result, they are mostly applied for space usage and light concentrated 
terrestrial applications with light concentrators and trackers.  
It is reported by Geisz et al. [64] that a conversion efficiency of 40.8% was achieved 
on a triple junction solar cell of Ga0.5In0.5P (top cell) – In0.04Ga0.96As (middle cell) – 
In0.37Ga0.63As (bottom cell) under 326 suns concentration illumination. This device 
shows EFF~33.2% (VOC~2.79V, JSC~13.9mA/cm2, FF~0.85) even under AM1.5 
illumination. Many other groups also reported tandem III-V cells with efficiencies 
greater than 40% under a concentrated illumination, such as GaInP/GaInAs/Ge 
structures with various Ga/In atomic ratios [65,66]. All of these tandem cells consist of 
some well arranged simple homo-junction cells with various energy bandgaps to allow 
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maximum absorption of solar spectrum. It is calculated that for these tandem solar 
cells, the maximum conversion efficiency can reach from 52.4% to 63% [67,68]. 
For single-junction structures, III-V materials with an optimum bandgap of 
approximately 1.4eV, which fits solar spectrum best, such as GaAs and InP have been 
fabricated into solar cells. Gale et al. [69] reported that the upper cell GaAs in a 
tandem structure has EFF~23.3% (VOC~1.011V, JCS~27.55mA/cm2, FF~0.838) under 
AM1.5 illumination with GaAs thickness of 5μm. Additionally, InP solar cells were 
fabricated by Keavney et al. [70] producing an efficiency of 19.2% (VOC~887mV, 
JSC~34.81mA/cm2, FF~0.852) under AM0 illumination. The cell consists of a 25nm 
emitter (top window layer) with a doping concentration of 3x1019cm-3 at the contact 
and 3x1018cm-3 near the p/n junction, forming a front-surface field. The base 
(absorber) InP is approximately 3μm in thickness, with a doping concentration of 
2x1016cm-3 [71]. For a similar structure with homogeneously doped emitter (no front-
surface field) at the level of 4x1018cm-3, the efficiency is EFF~18.8% (VOC~873mV, 
JSC~35.72mA/cm2, and FF~0.829) [71]. The comparison between the two structures 
shows clearly the importance of the front surface-field structure for solar cells. 
2.2.3 Chalcogenide Semiconductor Solar Cells  
Chalcogenide compounds are a group of semiconductors which contain Group VI 
elements in periodic table, such as sulphur, selenium and tellurium (but exclude 
oxygen) [72]. Chalcogenide semiconductors have many properties suitable for solar 
PV application. For example, they usually show very high absorption coefficient up to 
104~105/cm, therefore suitable for thin film (several micrometers) solar cells 
fabrication. Furthermore, they have a wide range of energy bandgaps from 0.31eV 
(PbTe) to ~3.68eV (ZnS), therefore can be designed into various types of hetero-
junction solar cells with advanced structures and properties [21,27].  CdS, CdTe, 
CuInSe2 (CIS) and Cu(In,Ga)Se2 (CIGS) are some of the common chalcogenides 
which have already been commercialized for terrestrial solar PV applications. 
2.2.3.1 CdS/CdTe-based solar cells 
One of the very common chalcogenide solar cells is based on CdS/CdTe in n+-p or n+-
p-p+ structure on cheap substrates such as glasses. Fig.2.5 shows a typical 
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configuration of CdS/CdTe solar cell. The p-n hetero-junction is composed of a thin 
window layer, a heavily doped wide bandgap n-type CdS (2.42eV), and a lightly doped 
narrow bandgap p-type CdTe (1.45eV) [21,73]. On top of the n+-p junction, there is a 
transparent conductive oxide layer, used as the front electrical contact. At the back of 
the n+-p junction, there are a heavily doped p+-type BSF layer and a back contact. As 
the bandgap of CdTe (1.45eV) is close to the optimal bandgap of 1.40eV for single 
junction solar cell application [74,75], CdTe is one of the ideal materials as the 
absorption layer. Several micrometers of CdTe layer can absorb more than 90% 
absorbable photons due to its high absorption coefficient, α>104~105/cm [76]. CdS 
window layer, however, due to its high donor concentration and wide bandgap, the 
power generation contribution from this layer is very limited.  
The highest conversion efficiency, 16.5%, of CdS/CdTe solar cell was obtained by Wu 
et al. on the so-called ‘CTO/ZTO/CdS/CdTe’ polycrystalline thin-film solar cell, 
which produces VOC~845.0mV, JSC~25.88mA/cm2, FF~0.7551, and EFF~16.5% [77]. 
The CTO (cadmium stannate, Cd2SnO4) was applied instead of the traditional TCO as 
it shows a resistivity of ρ~1.5x10-4 Ω•cm, 2~6 times lower than the TCO [78]. 
Similarly, ZTO (ZnSnOx) was fabricated as a high resistivity buffer layer. By applying 
CdCl2 treatment, the recombination caused JSC loss was found only about 0.5mA/cm2 
in the junction region, much smaller than those in untreated cells [79]. Britt and 
Ferekides [82] also reported a high conversion efficiency, 15.8%, CdS/CdTe solar cell 
with VOC~842.9mV, JSC~25.09mA/cm2 and FF~0.7448 with the structure shown in 
Fig.2.5. The thickness of the window layer CdS is about 70~100nm, and the p-type 
absorption layer CdTe is approximately 5μm with a carrier concentration of 
(1~3)x1014/cm3. It was suggested that an inter-diffused CdxS1-xTe region may be 
formed between the CdS and CdTe layer due to the high temperature deposition 
process, and this layer could shift the junction away from the metallurgical p/n 
junction and improve the cell performances. Additionally, another high efficiency of 
16% CdS/CdTe solar cell was fabricated by Ohyama et al. [80], which delivered 
VOC~840.3mV, JSC~26.08mA/cm2 and FF~0.731. The cell was also fabricated on the 
TCO coated glass substrate consisting of a 50nm n-type CdS and a 3.5μm p-type CdTe 
layer. For very thin solar cells with 550nm and 1000nm of CdTe layer, efficiencies of 
10.6% and 11.2% were achieved [81].  
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Figure 2.5 Typical configuration of CdS/CdTe hetero-junction solar cell. (left figure from Ref. [27], and 
right figure from Ref. [82]).  
 
2.2.3.2 CIS and CIGS solar cells 
CuInSe2 (CIS) is a very attractive PV material due to its high absorption coefficient 
(~105/cm) [83] where the type of conductivity can be easily controlled [84]. More 
importantly, CIS can be alloyed with gallium to replace indium at various 
concentrations to form Cu(In,Ga)Se2 (CIGS) and CuGaSe2 (CGS), in order to 
engineer the optical bandgap continuously (from 1.04eV for CIS to 1.68eV for CGS) 
for better PV performances. [27,83-86]. 
The highest conversion efficiency of the CIS and CIGS cells was achieved by Repins 
et al. [87] on soda-lime glass substrates in a ZnO/CdS/CIGS structure, with 
EFF~19.9%, JSC~35.5mA/cm2, VOC~0.690V and FF~81.2%. The CIGS layer has 2.2μm 
thickness and a Ga/(In+Ga) atomic ratio of 0.30, corresponding to an approximate 
bandgap of 1.23eV. It was suggested that the better efficiency achieved is due to the 
lower recombination rate, by slightly reducing the bandgap of CIGS in the space 
charge region and hence, at the price of reducing open circuit voltage. Several other 
high efficiency CIGS solar cells (>18%) were achieved in earlier times [88,89]. Fig.2.6 
shows a typical configuration and the band diagram of the CIGS solar cell.  
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Figure 2.6 Typical CIGS solar cell configuration and band diagram [27]. 
 
2.2.4 Metal Oxide Semiconductor Solar Cells 
Since the manufacturing cost of aforementioned solar cells for large-scale terrestrial 
application is still very high, great efforts have always been made to develop the new 
generation solar cells, aiming at reducing the cost by using low cost materials and 
processes. Metal oxides are abundant in resources, and can be wet-chemically 
synthesized with relatively good electrical properties and hence, low-cost. There exists 
a wide range of metal oxide materials with different properties, potentially suitable for 
solar cell applications. They are proposed as a group of potential semiconductors for 
PV applications [90]. However, due to various problems, MO solar cells still cannot be 
applied practically. Firstly, the large amount of defects always exists in MO 
semiconductors which are unable to be effectively reduced currently. Secondly, for 
most of the MO semiconductors, it’s not able to achieve both n-type and p-type 
controllable conductivity, and the mere poor natural n-type or p-type conductivity are 
introduced by oxygen/metal vacancies/interstitials which also act as effective 
recombination centres. Therefore, hetero-junction structures have to be applied in most 
of the design. Additionally, the hetero-junction interface states caused by lattice 
mismatch are also effective recombination centres to deteriorate MO solar cell 
performances. Table 2.2 lists the properties of some common and potential metal oxide 
semiconductors.  
Table 2.2 Properties of some selected metal oxide semiconductors. (*Note: EG for energy bandgap, Xe 
for electron affinity). 
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Materials EG (eV) Xe (eV) EG + Xe (eV) Ref. 
ZnO 3.40 4.2~4.6 7.6~8 [91-93] 
TiO2 3.0~3.3 3.9~4.1 6.9~7.4 [94-96] 
ITO 3.6~4.06 
>4.7(work 
function) 8.3~8.76 [92,97,98] 
CuO 1.21~1.51 4.07 5.28~5.58 [99-101] 
Cu2O 2.10 3.20 5.30 [92,96,102] 
Fe2O3 2.0~2.1 3.88 5.88~5.98 [103,104] 
 
2.2.4.1 Cu2O-based solar cells 
Cuprous oxide, Cu2O, was intensively studied during 1970s and 1980s because it was 
considered as one of the most suitable low-cost PV materials with a theoretical 
conversion efficiency of about 12% [105], and can be the substitution of high purity 
silicon which was expensive at the time. However Cu2O solar cells, with various 
structures fabricated, always show a conversion efficiency of, up to now, less than 2% 
due to the large lattice mismatch between the hetero-junction materials such as ZnO, 
also due to the existence of a copper-rich-region in Metal/Cu2O interfaces [106-111]. 
Cu2O is a p-type semiconductor induced by non-stoichiometic defects [112]. Due to 
the difficulty in obtaining n-type materials, current structures for Cu2O solar cells are 
either in n+/p hetero-junction structure, or in Metal/Cu2O or Metal/Insulator/Cu2O 
Schottky barrier structures. A few attempts were made to fabricate n-type Cu2O and 
homo-junction Cu2O cells, but the efficiency is very low currently, less than 0.1% 
under AM1.0 illumination [113-115]. 
For hetero-junction Cu2O solar cells, devices such as ZnO/Cu2O, transparent-
conductive-oxide (TCO)/Cu2O and CdO/Cu2O have been fabricated [107,108,116-
118]. A low resistance Al-doped-zinc-oxide (AZO)/Cu2O solar cell was fabricated 
recently by Tanaka et al. [108], demonstrated an efficiency of EFF~1.2%, with 
VOC~0.4V, JSC~7.1mA/cm2 and FF~0.4. The carrier (hole) concentration and mobility 
of poly-crystalline p-type Cu2O layer were measured to be about 4x1014cm-3 and 
90cm2/V-s respectively, whereas the n-type AZO had a carrier concentration of 
6.9x1020cm-3~8.1x1020cm-3. EFF of 0.9% was obtained for the cell with a high 
resistivity ZnO layer. More recently, Mittiga et al. [107] made a device with 
MgF2/ITO/ZnO/Cu2O structure, obtained the highest conversion efficiency of 
approximately 2.01% with VOC~595mV, JSC~6.78mA/cm2 and FF~50%. It was found 
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that a proper doping mechanism by using a foreign element of chlorine, rather than 
defect-induced self-doping, can reduce the resistivity of Cu2O layer from 22000 Ω.cm 
to about 1000 Ω.cm, which in turn improved the device performance significantly 
though not good enough for production. Similar results were achieved on Cu2O 
devices with efficiency >1% which were doped with nitrogen rather than self-doping 
[109,119]. 
Schottky barrier solar cells, as another suitable structure for Cu2O, always have 
problems in obtaining good barrier heights no matter what metal was used except Au 
and Ag. It was confirmed that there always exist a copper-rich region between the 
metal layer and Cu2O layer, caused by the Cu2O reduction by metal contacts. It is 
believed because of this thin interfacial layer that the barrier heights are always 
between 0.7~0.9eV hence, low efficiency [105,110,111,119,120]. The best conversion 
efficiency obtained on Cu2O Schottky barrier solar cell is Cu/Cu2O with EFF~1.8% 
under AM1 illumination [119]. 
With the progress of deposition technology, n-type Cu2O can now be synthesized 
which are useful to homo-junction structured cell application [113-115]. A recent 
Cu2O homo-junction solar cell has shown an efficiency of 0.1% with VOC~0.321V, 
JSC~1.228mA/cm2 and FF~35.33% under AM1 illumination. The low efficiency is due 
to the very high electrical resistivity in the range of 3.2x105 Ω·cm ~2x108 Ω·cm of the 
materials. This device consists of a 0.5μm n-type Cu2O and a 2μm p-type Cu2O both 
with measured donor/acceptor concentration of 1018cm-3~1019cm-3. Ohmic contacts 
electrodes were fabricated with gold and a thin adhesion layer of chromium [114,115]. 
Although the efficiency is very low at the moment, a homo-junction structure is 
expected to significantly reduce the density of interface states caused by lattice 
mismatch, which is one of the major issues for hetero-junction solar cells.  
2.2.4.2 TiO2 and CuO for PV applications 
TiO2 is a natural n-type semiconductor with a direct bandgap of 2.96~3.31eV 
[121,122].  Recently it is mostly applied in dye-sensitized solar cells as nano-particles 
structures [123,124]. In potential thin-film PV application, it can only absorb photons 
with wavelength <420nm which is less than 5% of the solar spectrum. Thus it can be 
used as a transparent conductive oxide, i.e. the transparent window-layer for hetero-
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junction cells, or can be alloyed (bandgap-engineered) with other elements to reduce 
bandgap for better absorption of solar spectrum.  
TiO2 can possibly be alloyed with elements, such as nitrogen, neodymium, tantalum, 
manganese, etc. to reduce the energy bandgap to as low as 1.5eV [125-134]. For pure 
TiO2, the absorption coefficient for ultraviolet photons are measured about 105~106cm-
1 [135]. By considering this fact and their direct-bandgap nature, various alloyed TiO2 
with narrower bandgap may also show an estimated absorption coefficient 
>104~105cm-1. This estimation can be partially supported by ref. [136]. 
CuO is a natural p-type semiconductor with an indirect bandgap between 1.0 and 
1.9eV [99,137-139], and has recently attracted significant renewed interests as another 
potential low-cost PV material with an optimum bandgap value for single junction 
solar cells. It shows a very high optical absorption coefficient, approximately 105~106 
cm-1 [140-142]. 
Recently, nano-structured forms (nano-particles or nanorods) of CuO have also been 
studied for some practical applications in solar energy conversion in dye-sensitized 
solar cells [143,144]. Some researchers also used it as an insulator rather than 
semiconductor for Metal/Insulator/Semiconductor structure and high-volume 
capacitors [145,146]. 
 
Figure 2.7 The TCO/CuO/C60/Al solar cell configuration in [150]. 
For thin film PV applications, CuO is still at the very early stage of development due 
to the low quality of current CuO thin films. However, CuO has been fabricated into 
hetero-junctions with n-type ZnO by Baek and Tuller [147], showing a rectifying 
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effect with an estimated barrier height of about 1.0~1.5eV. It is also estimated that the 
CuO acceptor concentration of this device is about 2.1x1017cm-3, which is too high to 
be used as the absorption layer. Other diodes using CuO material such as p-CuO/n-
SnO2, p-CuO/n-Cu2O and p-CuO/n-BiVO4 have also been fabricated [145,148,149]. 
For the diode of p-CuO/n-Cu2O, the device was fabricated into a Ti/CuO/Cu2O/Au 
structure, producing JSC~310μA/cm-2, VOC~210mV, FF~0.26 and EFF~0.02% under 
90mWcm-2 white light illumination [148]. More recently, Oku et al. [150] also tried to 
fabricate CuO solar cells with a thin layer (100nm) of fullerene to make devices of p-
CuO/C60, on indium-tin-oxide (ITO) and fluorine-doped-tin-oxide (FTO) substrates, 
as shown in Fig.2.7. However, due to the heterogeneous grain size and defects caused 
by inadequate crystallinity of the CuO films, the device showed a very poor 
performance, with VOC~0.025mV, JSC~0.036mA/cm2, FF~0.25 and EFF~2.3x10-4%, 
under AM1.5 illumination. Apart from inorganic solar cell application, CuO has also 
been applied in organic based solar cells. Instead of as an absorption layer, CuO is 
used as an anode in this structure [151]. 
 
2.3 Device Simulation 
As an early step of new solar cell development or existing solar cell improvements, 
theoretical simulation on devices and structures with known materials are always 
necessary. Therefore, targets for practical development can be set, and the cost and 
failures during development through trial-and-error method can be reduced. In dipole 
structures, including solar cells, following some basic equations, the charge carriers are 
always generated, transported and recombined. The first-principle device simulation 
tools usually follow these rules. Using these simulation tools, many theoretical 
calculations and predictions are made to study and propose new PV semiconductors, 
new solar cell structures and potential improvements to available devices, etc. 
2.3.1 Key Fundamental Equations and Simulation Tools 
Basically, the theory about PV solar cell includes the fundamental physics of a p-n 
junction and the mechanisms of charge generation, transportation and recombination. 
Based on references [152,153], in this section, some basic rules and equations will be 
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reviewed in simple formats. More details of the equations, for solar cells under various 
conditions, will be discussed in Chapter 3. 
2.3.1.1 P-n junction formation 
Under equilibrium conditions, when any two materials such as n-type semiconductors, 
p-type semiconductors, metals or insulators, etc. form a junction, the electrons and 
holes in these materials will diffuse and drift from each other to form an energy-steady 
state across the junction. In the steady state, the Fermi energy levels, EF, of the two 
materials are equal. Here, EF is the material-state-energy-level at which the probability 
of occupation by an electron is exactly ½, which can be derived from the equation of 
Fermi-Dirac Distribution Function: 
���� � �1 � �������/�����   (2.3.1a) 
Where, F(E) is the probability of occupation by an electron of the energy state, E, k 
and T are the energy of the state, Boltzmann constant and temperature (in Kelvin), 
respectively. 
When a n-type semiconductor and a p-type semiconductor are joined together, a space 
charge region is formed due to carrier diffusion and drifting. The width of this region 







����     (2.3.1b) 
Where εs, q, Vbi, NA and ND are semiconductor relative permittivity, electron charge, 
build-in electric field, acceptor concentration in p-type semiconductor and donor 
concentration in n-type semiconductor, respectively.  
2.3.1.2 Carrier generation and recombination process 
For generation process, the charge generation rate, G, can be expressed as 
� � �� � ���      (2.3.1c) 
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Where GL is the light-induced carrier generation rate and Gth is the thermal generation 
rate. Under equilibrium conditions, the recombination rate, R, is equal to Generation 
Rate.  
� � �� � ��� � �     (2.3.1d) 
Where RD and RID are direct and indirect recombination rates, respectively.  
2.3.1.3 Poisson’s equation and continuity equations 
The charge transportation process follows two basic equations: Poisson’s equation and 
the continuity equations. 










      (2.3.1e) 
Where ψ, E and ρs(x) are the electrostatic potential, electric field and the space charge 
concentration at position (x) in the device, respectively. For solar cells, equation 










�� � � � ��
� � ��
� � �� � ���   (2.3.1f) 
Where p, n, ND+, NA-, pt and nt are free hole, free electron, ionized donor-like doping, 
ionized acceptor-like doping, trapped hole and trapped electron concentrations at 
position x.  
















� ��� � ���     (2.3.1h) 
Where Jn and Jp are electron current and hole current, respectively. Gn, Rn, Gp, Rp are 
electron generation rate, electron recombination rate, hole generation rate and hole 
recombination rate, respectively.  
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For a p-n junction or a solar cell device, the total current is the sum of the electron 
current and hole current. Owing to the continuity of the current, the total current 
through the diode is the sum of Jn and Jp at any location x. The related equations are 
given as follow, 
������ � �������� ������ � 1�     (2.3.1i) 
������� � �������� ������ � 1�     (2.3.1j) ������ � ������ � ������� � �������� � 1�    (2.3.1k) �� � �������� � ��������         ��2.3.1l�� 
Where Jp(xn) and Jn(-xp) are the hole and electron currents at depletion region edge (xn) 
in n-side and (-xp) in p-side. Dn and Dp are electron and hole diffusivity. Ln and Lp are 
electron and hole (minority carrier) diffusion lengths in p-side and n-side, respectively. 
Js is the saturation current density.  
2.3.1.4 Simulation tools 
Following the basic theory, many device simulation tools have been developed. A few 
of well known one-dimensional (1D) simulation software, such as AMPS [154,155], 
SCAPS [156,157], PC1D [158,159], AFORS-HET [160-162], ASA5 [163], etc. are 
very similar, but with emphasis on different material-based solar cells. Also some of 
the software have been improved and upgraded with new models such as quantum 
mechanic models. These 1D device simulators offer great ease of understanding new 
semiconductors, structures and to predict their feasibility and theoretical performances. 
2D and 3D software such as VENUS-2D/B [164], Taurus Medici [165] and Sentaurus 
Device [166], etc were also developed for better and more accurate modelling of 
devices and are very useful for more realistic simulation prior to device design and 
manufacturing. In this study, all the simulation studies are carried out using 1D AMPS 
and AFORS-HET software.  
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2.3.2 One-Dimensional Device Simulation 
Many studies have been carried out on how to explore materials and structures for 
solar cell applications using simulation tools. Most of these studies are one-
dimensional owing to its simplicity but still realistic models. In this section, one-
dimensional device simulation is discussed with emphasis on single junction, Schottky 
barrier, graded bandgap and tandem cells.  
2.3.2.1 Single junction structure (with/without functional layers) simulation 
The simulation work on single homo- or hetero- junction solar cells occupies the 
majority of the PV device simulation studies. They focus mainly on the special 
functions of some materials or layers, such as hetero-junction with intrinsic thin layers 
(HIT), back surface field (BSF) effect layers, etc. While some of them try to predict 
on the performance of various PV semiconductors and their combined systems; study 
the feasibility of a new material or structure, or even explain problems encountered 
during practical development.  
Como and Acevedo [167] recently studied the commercialized high efficiency HIT 
silicon solar cells [58,59] developed by Sanyo Ltd using AMPS-1D software. HIT 
structure has an extra intrinsic thin layer of a-Si:H of about 10nm between each two 
layers of the traditional p+-a-Si:H/n-c-Si/n+-a-Si:H structure as shown in Fig.2.4. This 
structure can realise the excellent passivation of silicon surfaces without high 
temperature processing which normally causes degradation to the cell performance. It 
is concluded that if the quality of the intrinsic layer can be improved and the interface 
state density between each layer can be controlled to be less than 5x1010cm-2, the 
conversion efficiency of the cells could be higher than 24% compared to that of 22% 
without these thin layers. In addition, the doping concentration in the p+-a-Si:H emitter 
layer is set between 1018~1020 cm-3, and the cell performance improves with the 
increase of the doping concentration up to 1019cm-3. The simulation work on the HIT 
structures by Datta et al. [168] further indicates that the performance of both the p+-n-
n+ and n+-p-p+ HIT solar cells are sensitive to the surface defects density of crystalline 
silicon (the p+-n or n+-p hetero-junction interface states). It also indicates that the 
valence band offset ΔEV at n+-a-Si:H/p-c-Si interface is useful in preventing the 
reverse diffusion of holes, while ΔEC needs to be kept lower than 0.3eV to prevent a 
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serious negative effect. On the contrary, the BSF interface of the p-c-Si/p+-a-Si:H, 
ΔEV, rather than ΔEC, is detrimental for the cell performances. These results were later 
confirmed by other researchers. [169-171]. 
The effect of the BSF layer is proved by Amin et al through simulation on the 
CdS/CdTe/ZnTe structure [172]. It is found that by adding a wide bandgap p-type 
ZnTe layer at the back of the p-CdTe absorber, both VOC (most significant 
improvement) and JSC are increased by 0.1~0.2V and 0.2~1mA/cm2, respectively, and 
the BSF effect become insignificant with the increase of the thickness of the CdTe 
layer. Because the input data of electron affinity of n-CdS, p-CdTe and p-ZnTe are 
4.30eV, 4.28eV and 3.5eV respectively, and the bandgap of these layers are 2.42eV, 
1.5eV and 2.26eV, respectively, only a ΔEC of 0.02eV at the CdS/CdTe interface and a 
ΔEC of 0.78eV at the CdTe/ZnTe BSF interface are found. The 0.78eV ΔEC provides a 
very large BSF effect with efficiency increased by 20%~30% for various CdTe 
thicknesses. While the ΔEV at BSF interface is only 0.02eV [*note: 0.02eV = 
(3.5+2.26)-(4.28+1.5)], which has nearly no negative effect on cell performances, in 
agreement with the results of the HIT silicon cell simulation [168]. A thick absorber 
CdTe was found generally to have a positive effect in CdS/CdTe structure, but change 
to minor negative effect when replaced with a BSF ZnTe layer as VOC improvement 
decreases with increasing the absorber thickness. Currently, the commercial CdS/CdTe 
solar cells only use a heavily doped CdTe as the BSF layer as reviewed previously. 
The BSF effect created in this structure is not as significant as that caused by a wide 
bandgap layer (very large ΔEC). It was also found that the back surface recombination 
velocity (even up to 108m/s) has a much less negative impact on all parameters of 
performances, VOC, JSC and FF in CdS/CdTe/ZnTe structure than the traditional double 
layer structure. Slightly different, Aksari and Eray’s work [173] demonstrated that the 
most significant effect of BSF induced by heavy doping is on improvement of JSC, 
rather than on VOC. This is also because the crystalline silicon absorber in this structure 
is very thick (300μm) which reduces the VOC improvement significantly. 
Gu et al. [174] reported an experimental and theoretical study on creating a BSF effect 
in a crystalline silicon solar cell by doping the back surface of the silicon heavily with 
both boron and aluminium, instead of aluminium only. Through the co-doping scheme, 
the solubility of the dopants is increased to 1019/cm3 with a very low surface 
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recombination velocity. The simulation indicates a heavily-doped back surface can 
provide an effective BSF layer to enhance the cell performance and the heavier the 
doping concentration, the more significant the effect is. With this heavily doped BSF 
layer, EFF is increased by 0.5% and 0.27% experimentally and theoretically when 
compared to the traditional Al-doped BSF layer at a concentration of 1018/cm3.  
Other simulation work on various structures can also help; explaining experimental 
problems and proposing solutions. Gudovskikh et al. conducted a combined study of 
simulation and experiments on GaInP solar cells by comparing various p-n 
configurations with or without AlInP or AlGaAs window layers [175]. It is concluded 
that the difference of band offset at the window/emitter interface between p-n and n-p 
configurations leads to a difference in carrier-transportation-blocking situations and 
hence, different I-V characteristics. Therefore, two solutions are proposed for the 
device improvements: one is to increase the doping concentrations of the AlInP 
window layer, which has a less blocking effect and the other is to apply an AlGaAs 
window layer with a low interface state density as the performance is very sensitive to 
interface states. The main conclusion was verified both experimentally and 
theoretically in ref. [176]. 
There are also lots of device simulation researches on new material system and their 
feasibility for device applications. Lin modelled several Si/Ge/Si structures with 
different configurations recently, showing a potential high efficiency thin film (1.4μm 
due to high optical absorption coefficient of Ge at 106/cm) solar cell of EFF~16%, 
JSC~44mA/cm2, VOC~0.5V and FF~73% [177]. The optimal structure is shown in 
Fig.2.8 (the structure C), with a back reflecting silver electrode. Furthermore, Gao et 
al. [178] also proposed a thin film (~2.4μm) Si/FeSi2/Si p-i-n structure with a new 
potential PV semiconductor FeSi2, showing EFF~27.9% with JSC~40mA/cm2, 
VOC~0.9V and FF~77.8%. Additionally, Vesaghi and Asadi [179] modelled and 
optimised a novel structure of p-a-Si1-xCx/n-Si, showing an efficiency of 6.32%.  
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Figure 2.8 Two cell configurations and the corresponding band diagrams [177]. 
 
2.3.2.2 Schottky barrier structure simulation 
Schottky barrier is an electric potential barrier for carrier transportation at 
metal/semiconductor interfaces. A Schottky barrier solar cell is a majority carrier 
device and the build-in potential of which is produced through carrier diffusion and 
drift at metal/semiconductor interface differing from the p/n junction diode. A 
Schottky barrier would exist at the metal/semiconductor surface of a p/n junction solar 
cell if it is not a perfect Ohmic contact, causing serious problems for a working solar 
cell. There are many simulation studies on various disciplines of Schottky barriers at 
electrode/semiconductor interfaces and Schottky barrier solar cells.  
For a p/n junction solar cell, the Schottky barriers at both the front and back 
electrode/semiconductor interfaces are mostly harmful to the cell performances, except 
those which can provide a BSF effect. Demtsu and Sites [180] simulated the effect of 
the back-contact Schottky barrier on the CdTe solar cell performances. For a CdTe 
layer with EG=1.5eV, a back-contact barrier >0.5~0.6V results in a significant FF 
reduction from 0.66 without barriers to 0.56. The VOC, however, is not affected 
significantly. Through a comparison between simulation and experimental work on a-
Si:H/ZnO:Al/Metal, Dagamseh et al. [181] concluded a high interface state density and 
a high barrier height (>~1/3 EG) at these two interfaces will lead to a ‘S-shaped’ I-V 
curve, leading to a low fill factor. Hadrich et al. [182] confirmed that the ‘S-shaped’ I-
V curve is caused by a large back contact barrier height which acts as a reverse diode. 
The barrier height can be reduced by reducing the CdTe absorber thickness to less than 
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1μm. Similarly, simulation on the front contact of a solar cell also reveals a high 
Schottky barrier height will lead to a serious reduction in all parameters, except VOC, 
of ITO/a-Si:H Schottky barrier structures [183]. 
Lin et al. fabricated a Ni/InGaN/GaN Schottky barrier solar cell and analysed it with 
the assistance of device simulation [184]. The device has an estimated barrier height of 
1.02eV between Ni (work function 5.15eV) and lightly doped n-type InGaN 
(6~8x1016/cm3), (~1/3 of EG of InGaN, 3.2eV). The simulation shows the structure can 
only produce VOC~0.64V, far smaller than, theoretically, the maximum VOC=EG/q. 
Shousha and El-Kosheiry [185] simulated a-Si:H MIS solar cells using a self-
developed programme. A cell free of defects with a barrier height of 0.85eV and a 
thickness of 0.5μm shows JSC~15.2mA/cm2, VOC~0.74V, FF~0.73 and EFF~8.2%.  The 
EFF starts to decrease when the defect level increases to the level of doping 
concentration, 1016/cm3. The modelled results show a reasonable consistence to the 
practical results [55-57]. Other Schottky barrier solar cell simulation researches are 
used to predict, analyse and guide experimental results [186-188]. 
2.3.2.3 Graded bandgap structure simulation 
As reviewed previously, the output power of a PV cell is closely related to the bandgap 
of the semiconductors used. Many semiconductor materials such as chalcogenide and 
III-V compounds such as Cu(In,Ga)Se2, InGaP and AlGaAs can be band-gap-
engineered continuously [64-66,83-86] and developed into cells with better 
performances. By using these materials, the absorption layers of single-junction solar 
cells can be fabricated into a ‘graded bandgap’ configuration which can absorb the 
solar spectrum better, hence for better and efficient carrier generation. Furthermore, 
bandgap-engineering can also lead to a quasi-electric field and BSF effect, which are 
believed to further improve solar cell efficiencies. The theoretical conversion 
efficiency of a graded bandgap solar cell (single junction) is as high as 31%~31.7% for 
many material systems [189-193], which is better than the uniform bandgap solar cells 
with efficiency <30%.  
Researchers have designed and studied various absorber bandgap profiles. Based on 
CIGS, the bandgap of which can be tuned from 1.04eV to 1.68eV, Song et al. [194] 
simulated various designs of bandgap profiles as shown in Fig.2.9. It is found that a 
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uniform bandgap absorber (case 1) has the poorest performance, VOC~617mV, 
JSC~34.05mA/cm2, FF 73.4% and EFF~15.42%, while other cases all show some 
improvements in performances, especially in VOC and FF. Case 6 with a higher emitter 
doping concentration of 6x1017/cm3 has the best performance with EFF~19.83%, 
VOC~688mV, JSC~34.42mA/cm2 and FF~83.8%. It concludes that a graded bandgap 
structure in space charge region and back surface can theoretically improve the cell 
performances significantly owing to the better repelling effect and BSF effects. 
Acevedo [195,196] proposed a more accurate model which simulates optical 
absorption in a continuously-graded absorber. In this model, the graded bandgap solar 
cell generates a higher photocurrent than that obtained from a uniform bandgap 
absorption model. It concludes an optimum thickness for a graded band-gap CIGS 
solar cell is about 2~4μm. Some graded bandgap structures have also been proposed, 
agreeing with Song et al. [194] 
 
Figure 2.9 Graded CIGS band-gap profiles Song et al. proposed [194]. 
 
However, Topic et al. [197] draw different conclusions through simulation on 
structures similar to case 5 and case 6 in Fig.2.9. The best performance is obtained on a 
linear grading absorber from the back surface to the space charge region, while double-
grading structures cannot improve the performance further but to reduce FF 
significantly, due to the electric-field-repelling-effect on minority carriers away from 
the p/n junction. It also reveals the optimum bandgap value for a uniform bandgap cell 
is about 1.2eV. Further studies conducted by Gloeckler and Sites [198] reveals that 
grading structures can improve cell performance, but not as significantly as commonly 
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is believed. It depends on the thickness of the absorber layer and may cause the 
reduction of JSC and FF if a front grading is adapted, confirming topic’s conclusions.  
Additionally, Boiko et al. [199] fabricated and simulated a CdS/CdTe solar cell with a 
graded bandgap region about 50nm between the CdS and CdTe layer. The authors 
claim that the improved open circuit voltage and the efficiency are owing to the 
expanded optical absorption by this graded structure. Furthermore, based on a-SiGe:H 
compounds, Researchers  proposed various i-layer bandgap profiles, such as U-shaped 
[200], V-shaped [201,202], and exponential-shape [203] of bandgaps. Compared to the 
one with no grading structure, the U-shaped and V-shaped profile show better FF but 
poorer JSC. The exponential-shaped profile as a combination of U-shape and V-shape, 
can avoid the defects in the middle and rear part of the i-layer and contributes to the 
build-in electric field and more efficient carrier collection.  
Generally, all authors believe the positive effect of a structure with reducing the 
bandgap from back to space charge region, but have different views on the function of 
front reverse-graded structure, as shown in case 4, 5 and 6 in Fig.2.9. This 
contradiction could only be solved by further exploration of the physics involved and 
experiments with precise control of graded bandgap solar cells fabrications.  
2.3.2.4 Tandem structure simulation  
As reviewed previously, tandem solar cells are series connection of sub-cells for better 
absorption and usage of photons with a wide range of energy. Therefore, the 
simulation study on tandem structures is always about study on the electronic problems 
of each sub single-junction solar cells, connections and optical absorptions. The 
simulation involves light reflectance, transmittance, absorbance and electrical 
interconnection properties, etc. The theoretical conversion efficiency limit of tandem 
solar cells (infinite number of sub-cells) is calculated as 86.8% [204]. For various 
tandem cells such as III-V solar cells, the theoretical maximum efficiency is calculated 
as 63.1% [68]. 
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Figure 2.10 Simulated outputs of tandem cells consist of various numbers of sub-cells [207]. 
 
Zeman et al. [205] simulated tandem cells with a self-developed model which 
considers the optical scattering at the textured interface and a combination of trap-
assisted-tunnelling and enhanced-carrier-transportation. This model is proved to realize 
current-matching in top and bottom cells in a double tandem structured cell (a-Si:H) 
for the optimization of sub cell parameter settings. Through the ‘scattering’ model 
calculation, the current standard boron doped a-SiC:H in the junction is suggested not 
optimal. The sub cell parameter combination is also optimised. For more detailed 
predictions, Darkwi et al. [206] simulated a-Si:H double tandem cells with TCO 
interconnections as a function of wavelength with consideration of the optical 
reflectance, transmittance and absorbance situations. It concludes that the TCO which 
enhances i-layer absorbance acts differently in tandem cells: too thick TCO (120nm) 
leads to serious reduction in total absorbance, while a thin TCO (<30nm) causes no 
obvious negative effects. Additionally, Hamzaoui et al. [207] modelled InxGa1-xN 
tandem cells consist of 2~6 sub-cells. By optimising the thickness and matching the 
current, the performance obtained for these cells are improved significantly, as shown 
in Fig.2.10. Generally speaking, sub-cell number is directly related to EFF and VOC, but 
inversely to JSC and FF. This result confirms that the more the sub-cells, the more 




The background and various solar cells with a wide range of materials have been 
reviewed both experimentally and theoretically (device simulation with various 
structures). Si-based solar cells including single-crystalline, poly-crystalline and 
amorphous silicon cells are well investigated among all kind of cells. III-V and 
chalcogenide compounds solar cells are suitable for high efficiency tandem and thin 
film solar cells (homo-junction or hetero-junction) for different applications. Metal 
oxides, natural or bandgap-engineered (alloyed), emerges as a group of potential low 
cost PV materials and are attracting increasingly renewed attention. Much effort has to 
be made both theoretically and experimentally on these materials and devices. Through 
device simulation the concept of bandgap engineering will be improved, and the 
feasibility of metal oxide semiconductors in PV application will be conducted. Abreast 
optimised materials and structures will be proposed for future experimental works.  
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Chapter 3 The Semiconductor Theory 




In this chapter, the physics of semiconductor and PV solar cells, as well as the models 
for simulations will be introduced and discussed [1,2]. Materials, semiconductor, 
insulator and metals, as the most basic component of PV solar cells, the physics and 
the methods to model them will be presented firstly. Following this is the introduction 
of models used to simulate the connections and interactions with each material. 
Thirdly, the electric carrier generation, transportation and recombination processes will 
be given with or without illumination. Meanwhile, the application of these theories in 
the two pieces of simulation software used in this work, AMPS-1D by Pennsylvania 
State University [3] and AFORS-HET by Hahn-Meitner-Institute Berlin [4] will be 
introduced briefly.  
 
3.1 Materials  
3.1.1 Energy bands and material classification 
When a material is given, due to the interactions between each atom, the two isolated 
quantum energy levels for electrons split and merge to each other. For some materials, 
such as semiconductor, the two energy levels will split further into two bands which 
are separated by an energy region which cannot be occupied by electrons. This region 
is called Forbidden band, the energy width of which is named energy bandgap, EG. 
The band designated higher electron energy is named conduction band, and the bottom 
of which is written as EC, and the band designated lower electron energy is named 
valence band and  the top of which is written EV as shown in Fig.3.1. When an electron 
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posses a low energy matching with the levels in the valence band, it cannot move 
freely to conduct electricity. It needs to absorb and posses a higher energy which 
matches the energy levels in the conduction band to move freely. 
 
Figure 3.1 Band diagram for (a) insulator, (b) semiconductor and (c) conductor. [1] 
 
As shown schematically in Fig.3.1, for metals, the conduction band and valence band 
merge with each other. Differently, there is a small bandgap, which can be overcome 
easily, between conduction and valence band for a semiconductor. For an insulator, the 
energy bandgap is too big for electrons to overcome easily through thermal activation.  
In semiconductors, the energy of electrons and holes can be expressed as: 
� � ������    (3.1.1.a1) 
� � ������    (3.1.1.a2) 
where mn, mp are the effective mass of electrons and holes respectively, and  is the 
crystal momentum (directions). Therefore, the effective mass of electrons and holes 
can be calculated from the second derivative of E (parabola of EC and EV in crystal 
momentum space) as: 
�� � �������������� ������ ��� ���    (3.1.1.b1) 
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�� � ����������� ������ ��� ���    (3.1.1.b2) 
Furthermore, through a calculation in crystal momentum coordinate, the density of 
allowed energy states per unit volume of a semiconductor, density of states, can be 
calculated as: ���� � 4� �2��/���.� √�    (3.1.1.c) 
3.1.2 Intrinsic semiconductors 
A pure semiconductor is named intrinsic semiconductor. In intrinsic semiconductor, 
the probability of occupation of an energy level by an electron is given as Fermi-Dirac 
distribution function: ���� � �1 � �������/�����     (3.1.2a) 
where, F(E) is the probability of occupation by an electron of the energy state E. k and 
T are the Boltzmann Constant and temperature (in Kelvin), respectively. EF is the 
Fermi-energy-level at which the probability of occupation by an electron is exactly ½. 
Therefore, the electron density (n) in the conduction band and hole density (p) in the 
valence band are given by Eq. (3.1.1.c) and Eq. (3.1.2a) as 
� � � ������������� � 2 ����������.� exp �� ������� �   (3.1.2.b1) 
� � � ������������� � 2 ����������.� exp �� ������� �   (3.1.2.b2) 
In steady state, the pre-exponential factors in these two equations are constants and are 
defined as conduction band effective density of states, NC and valence band effective 
density of states, NV: 
�� � 2 ����������.� , and     (3.1.2.c1) 
�� � 2 ����������.�       (3.1.2.c2) 
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For an intrinsic semiconductor, n=p=ni, where ni is the intrinsic carrier concentration. 
By solving this equation together with equations (3.1.2.b1) and (3.1.2.b2), the EF of an 
intrinsic semiconductor can be calculated: �� � �� � ������ � ��� ln ������, and     (3.1.2.d) �� � ��� � �����exp �� ������     (3.1.2.e) 
where Ei is the Fermi energy level for an intrinsic semiconductor.  
3.1.3 Extrinsic semiconductors 
By adding impurity atoms, the intrinsic semiconductor becomes extrinsic, n-type or p-
type. Meanwhile some more energy levels are introduced. If these levels are close 
enough to EC or EV (energy gaps are small enough and called ‘shallow level 
impurities’), the electrons or holes on these energy levels can be thermally activated at 
room temperature to gain enough energy to occupy a level in the conduction band or 
valence band to conduct electricity. In these cases, these donors/acceptors will provide 
the same amount of free electrons/holes as the impurities, i.e. � � ��, and � � ��      (3.1.3.a) 
solving equations (3.1.2.b) and (3.1.2.c) with (3.1.f.a), the new energy difference 
between Fermi energy level EF and EC& EV can be calculated for both n-type and p-
type semiconductors respectively as, �� � �� � ����������, and     (3.1.3.b1) �� � �� � ����������      (3.1.3.b2) 
Additionally, the expression of electron concentration and hole concentration, n & p, in 
extrinsic semiconductors can be calculated according to (3.1.2.b) as: � � ����� �������� � � ������������� �, and    (3.1.3.c1) � � ����� �������� � � ������������� �    (3.1.3.c2) 
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where ni is given in (3.1.2.e) and Ei is given in (3.1.2.d). ‘EF-Ei’ can be described as 
band shift as a result of doping. 
If the impurity energy levels are deep in the forbidden band, these atoms act like 
defects, causing more negative effects than positive, such as recombination. These 
deep level defects will also show donor, acceptor or neutral properties, causing band-
shift comparing to Fermi level. In the simulation tools used in this work, the defects 
level distribution is modelled in the following patterns: single, continuous and 
Gaussian.  
For single level defects, the corresponding energy level is assumed to occupy only one 
energy state but with very high state concentration. For continuous distribution, the 
defect energy levels are assumed to distribute within an energy region, like an 
averagely distributed mini energy band. While for the Gaussian distributed defects, the 
defect levels distribute following Gaussian distribution function, as shown in Eq. 
(3.1.3.d).  
���� � ��√�� ������������      (3.1.3.d) 
where E0 is the peak energy level of the defect distribution. In order to model these 
defect levels, parameters such as defect concentration, defect energy levels, 
distribution functions and electron/hole capture cross-sections need to be set properly. 
 
3.2 Joining Materials Together 
When two materials are joined to form a metallurgical contact or a junction, the 
junction will show properties determined by the properties of both of the materials. 
There will be carrier diffusion and drift and interface states. For hetero-junctions, there 
also exists a band offset at the interface, acting as a barrier to the transportation of 
carriers.  
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3.2.1 P-n junction formation 
Fig.3.2 shows the situation when a p-n junction is formed when a p-type material 
comes into contact with an n-type material. Due to the high concentration of 
donors/acceptors in the n and p semiconductors, the majority carrier, electrons/holes, 
in each material will diffuse to opposite side of the semiconductor, leaving ionized 
immobile ions at the original locations. Therefore, a build-in electric field, ξ, pointing 
from the n-side to the p-side, is formed by these ionized ions. In the junction region, 
there is a depletion region where mobile carrier densities are zero. Electrons/holes 
entered into this depletion region will drift under this electric field which is in opposite 
direction of the diffusion current. At equilibrium condition, the diffusion current and 
drift current equals to each other, and a balanced situation is formed within the 
junction, the electron and hole currents in any time can be expressed as: �� � ��������� � ������������� � ����� � ��� ���� , and  (3.2.1.a1) �� � ��������� � ������������� � ����� � ��� ����    (3.2.1.a2) 
 
Figure 3.2 p-n junction formation and the diffusion & drift phenomena. [1] 
 
Inserting equation (3.1.3.c), then these two equations can be further transformed to: �� � ���� ��� ����� � � ���� ���� � ��� ����� , and   (3.2.1.b1) �� � ���� ��� ����� � � ���� ���� � ��� �����     (3.2.1.b1) 
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For a p-n junction under equilibrium condition, both Jn and Jp are 0. This means 
dEF/dx=0, i.e. EF is constant at any position in the junction. Physically, because under 
equilibrium condition, the ½ probability of the energy level which is occupied by an 
electron need to be exactly the same in any position of one device, the EF of each 
semiconductor are equal to each other.  
On the two sides of the junction, there is a build-in potential, Vbi. This can be 
calculated from the electrostatic potential of the depletion region (abrupt junction 
situation): ��� � �� � �� � ��� �� ����������    (3.2.1.c) 
where ψn/ψp, ND/NA and nin/nip are the electro static potential, doping concentration 
(including defects) and intrinsic carrier concentration in n-side and p-side of the 
junction.  
There are two types of p/n junctions: abrupt junction and linearly graded junction, as 
shown in Fig.3.3. They can be achieved by different doping techniques. 
 
Figure 3.3 Charge and electric field distribution of (a) abrupt junction and (b) linearly graded junction. 
[1] 
 
For an abrupt junction, the depletion region width, W is given as: 
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� � �� � �� � �������� ���������� �, with electric field  (3.2.1.d) ���� � ����� � � ����������� , (-xp<x<0)   (3.2.1.e1) ���� � ����������� , (0<x<xn)     (3.2.1.e2) 
where Vbi is given in equation (3.2.1.c).  
If the doping concentration in one side is much higher than the other side in the p-n 
junction (one-sided abrupt junction), or in Schottky barrier diode, such as in a n+-p 
structure where ND>>NA, then xn<<xp and equation (3.2.1.d) can be simplified to: 
� � �� � �������� ���     (3.2.1.f) 
For a linearly graded junction as shown in Fig.3.3b, ξ, W and Vbi are given as: ���� � ����� ���/������� �    (3.2.1.g) 
� � ���������� ��/�      (3.2.1.h) ��� � �� ��� �� ��������������      (3.2.1.i) 
where ‘a’ is doping gradient (cm-4).  
3.2.2 Band offsets at interfaces 
In order to describe the semiconductor/semiconductor (S/S) hetero-junction interface, 
various parameters have been defined. They are also used in the simulation software to 
determine hetero-junction band offsets. 
Vacuum energy level is defined as the energy level where electrons have absolutely no 
interference with an atom, which is equal for each material as a reference energy level. 
Electron affinity, qχ, is defined as the amount of energy released when detaching an 
electron from a single charge negative ion. For a semiconductor, qχ is equal to the 
energy from EC to vacuum energy level. Another important parameter for metals and 
58 
semiconductors is the work function, qΦ, which is the energy needed to release an 
electron on Fermi energy level of the semiconductor to the vacuum energy level. For a 
semiconductor, EF normally locates between EC and EV, except for extremely heavy 
doping situations, the degeneracy semiconductor, when EF falls above EC or below EV 
for n-type and p-type semiconductors respectively, such as n-type ITO. For a metal, as 
described in Fig.3.1, EF always falls above EC.  
Therefore, the conduction band offset and valence band offset between semiconductor 
1 and semiconductor 2 can be given as ΔEC=q(χ2-χ1) and ΔEV=(EG2+qχ2)-(EG1+qχ1). 
When two semiconductors form a metallurgical junction, ΔEC and ΔEV (at hetero-
junction interface) remains unchanged only if EG and qχ are not affected by other 
variables. Fig.3.4 gives a schematic band diagram conditions when two 
semiconductors are isolated and form a junction.  
As shown in Fig.3.4 (n-type narrow gap and p-type wide gap semiconductors), build-in 
potential can be given as, ��� � ��� � ��� � ��Φ�� � Φ���    (3.2.2.a) 
and the depletion region widths in the two sides of the hetero-junction are: 
 




�� � � ����������������������������, and    (3.2.2.b) 
�� � � ����������������������������     (3.2.2.c) 
For the band offsets at a Metal/Semiconductor (M/S) interface, the so-called Schottky 
junction, the principle is similar to that of a semiconductor/semiconductor interface. 
Fig.3.5 shows the junction formation of a metal and n-type semiconductor. 
 
Similar to the S/S interface, the M/S interface requires the Fermi level of the metal 
aligned with that of the semiconductor. This leads to the formation of Schottky 
junction with a Schottky barrier height, SBH, expressed as follows, ���� � �Φ�� � ��Φ� � ��� for n-type, and  (3.2.2.d) ���� � �Φ�� � ��E� � �� � Φ�� for p-type   (3.2.2.e) 
 
Figure 3.5 Band diagram of isolated (a) and junction (b) of metal and semiconductor; charge (c) and 
electric-filed (d) distribution in the junction. [1] 
 
Theoretically the SBH can be set directly and calculated from the values of qΦM and 
qχS. In practice, SBH is much more complicated than expressed by Eq. (3.2.2.d) and 
Eq. (3.2.2.e) due to many other mechanisms involved such as tunnelling, defect-
assisted recombination and the surface state etc. It is difficult to predict the actual 
barrier height theoretically for a Schottky junction for a semiconductor material.  In 
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order to obtain more accurate simulation results, the Schottky barrier height values 
extracted experimentally are used for this simulation. 
A Schottky barrier junction is similar to the ‘one-sided p/n junction’ but the carrier 
concentration on the metal side is much higher than that on the other side. Schottky 
barrier solar cell is a majority carrier device, where the majority carriers in the 
semiconductor are the carriers to conduct electricity, different from the situation in p-n 
junction solar cell where it is a minority carrier device. 
3.2.3 Interface-states (ISt) density 
Due to the difference of the crystal structure and lattice constant between two different 
semiconductors, a large amount of dangling bonds and defects exist at the interface of 
a hetero-junction. Practically, the imperfect fabrication techniques and conditions also 
lead to an imperfect interface with large amount of defects. These dangling bonds and 
other imperfections negatively affect device performances significantly, including 
solar cell. Therefore, interface states (ISt) density was introduced to describe the level 
of perfection of hetero-junction interfaces. These ISt act as recombination centres at 
the interface to recombine electrons and holes transporting through the interface, 
leading to decrease of currents. 
For modelling the ISt effects on the device, the software AFORS-HET is used in this 
study. This software assumes the carrier transportation through an interface as 
thermionic emission over the barriers (ΔEC, ΔEV) with additional defects 
(concentration, distribution, capture cross-section, etc.) at the interfaces. ISt density (in 
cm-3) and distribution are the defect density (in cm-2) and Gaussian distribution in this 
model (as presented in Section 3.1.3). The recombination process at interfaces is the 
interface defect recombination with the assistance of interface energy barriers for 
carriers.  
 
3.3 Carrier Generation, Transportation and Recombination 
A p/n junction, as the core of photovoltaic solar cell, can experience carrier generation, 
transportation and recombination as a cycle to convert solar energy to electricity. The 
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carriers can be activated by thermal energy and optical illumination, known as 
generation process. These carriers can drift along electric fields either built inside the 
device or applied externally. During the carrier transportation and after carrier 
transportation from external circuit, they are recombined. The physics and the 
modelling (both AMPS and AFORS-HET) of the whole procedure is discussed 
hereafter. 
3.3.1 Poisson’s equation 
As reviewed in Section 2.3.1.3, one-dimensional Poisson’s equation which links 











�� � � � ��
� � ��
� � �� � ���  (3.3.1.a) 
where q is the magnitude of charge of electron, p, n, ND+, NA-, pt and nt are free hole, 
free electron, ionized donor-like doping, ionized acceptor-like doping, trapped hole 
and trapped electron concentrations at position (x). 
The carrier concentration n and p expressed by eq.(3.1.3.c1) & (3.1.3.c2) are under the 
assumption of n=ND and p=NA. This is not true for some cases. For accuracy, the 
ionized carrier concentrations n and p are expressed by the following equations,   
� � ������� �
�����
��
�     (3.3.1.b) 
� � ������� �
�����
��
�     (3.3.1.c) 
















with �� � ������� . Furthermore, the ionized donor-like and acceptor-like doping 
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�    (3.3.1.e) 
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where subscript ‘d’ means discrete dopant levels and ‘b’ means banded dopant levels. 
Subscripts ‘D’ and ‘A’ represent donor-like and acceptor-like characteristics, 
respectively. While the functions fD,j & fA,j are the probability that a discrete dopant 
and acceptor energy level have lost and gained an electron and hole.  
In Eq. (3.3.1.a), the trapped electron and hole concentrations are calculated as: 
�� � ��� � ��� � ���     (3.3.1.f) 
�� � ��� � ��� � ���     (3.3.1.g) 
where subscripts ‘dt’, ‘bt’ and ‘ct’ mean ‘total discrete’, ‘total banded’ and ‘total 
continuous’, respectively. 
3.3.2 Generation and recombination 
Under an equilibrium condition, the carrier generation rate, G, and recombination 
rate, R in the bulk region of the device are equal to each other: 
� � �� � ��� � �� � ��� � �    (3.3.2.a) 
where GL and Gth are light-induced and thermal-induced carrier generation rate 
respectively, and RD and RID are direct and indirect recombination rate. Direct 
recombination (or band-to-band recombination) dominates in the direct bandgap 
materials, while indirect recombination (or Shockley-Read-Hall recombination) 
dominates in the indirect bandgap materials. Generally speaking, direct recombination 
involves both occupied states in conduction band and valence band, the following 
relation need to be held: 
� � �� � ��� � �� � ���     (3.3.2.b) 
where β is a proportionality constant, and n & p are free electron and free hole 
concentration. Under a thermal equilibrium condition, for an n-type semiconductor, the 
thermal recombination rate is 
��� � ��� � �������    (3.3.2.c) 
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where nn0 and pn0 are free electron concentration and free hole concentration at thermal 
equilibrium condition (for p-type semiconductor, the format of the equations are the 
same). Therefore, when excess carrier concentrations, Δn and Δp are generated in the 
n-type material, the recombination rate changes accordingly 
� � ����� � ����� � ∆������ � ∆��   (3.3.2.d) 
In a steady state, the net rate change of hole concentration is equal to zero, and direct 
recombination (net recombination in direct bandgap semiconductor) under steady state 
can be given as: 
�� � �� � � � ��� � ���� � �������   (3.3.2.e) 
For an indirect recombination process, localized energy states are normally associated.  
Although they act as both generation centres and recombination centres, these states 
always have much more significant effect for recombination process than for the 
generation process due to their deep energy level nature. Therefore, the rate for a 
centre to capture and emit an electron (Ra & Rb), and to capture and emit a hole (Rc & 
Rd) can be given as followed: 
 �� � ���������1 � ��     (3.3.2.f) 
�� � ��������
�������/�����    (3.3.2.g) 
�� � ���������      (3.3.2.h) 
�� � ��������
�������/�����1 � ��    (3.3.2.i) 
where vth is the average thermal velocity of carriers, in equation ‘0.5mnvth2=1.5kT’. σn 
and σp are capture cross-section to electrons and holes of the recombination centres, 
respectively. Et and Nt are energy levels and concentration of the recombination 
centres, respectively. F and Ei are Fermi-Dirac distribution function and intrinsic Fermi 
level in equation (3.1.2a) & (3.1.2.d).  
The recombination rate for the indirect recombination (net recombination in indirect 
semiconductor) under a steady-state condition is given as:  





   (3.3.2.j) 
In software AMPS-1D and AFORS-HET, the recombination within the bulk region of 
the device is the sum of RD and RID. While RID is the sum of recombination centres of 
all ionized dopants, defect levels and all other distributed gap states.  
Apart from RD and RID, there is also recombination through interface and surface states 
which often becomes dominant if the interface and surface are nor made properly. A 
surface recombination rate, RS, is always considered at device/metal contacts. This 
recombination process is always caused by dangling bond, etc. (can be considered as 
deep-level recombination centres at the interfaces). Therefore, similar to the format of 





   (3.3.2.k) 
where Nst is the surface or interface state density (in cm-2). ns and ps are electron and 
hole densities at the surface, respectively. In low-injection condition, ns>>ps, and 
ns>>niexp(Et-Ei)/kT, equation (3.3.2.k) can be simplified as: 
�� � ����������� � ���� � ����� � ����    (3.3.2.l) 
where �� � �������� is defined as surface recombination speed. In AMPS-1D, Sr is an 
input parameter directly entered by the user, while in AFORS-HET, Sr is calculated 
through Eq. (3.3.2.k) from the input values of the interface (surface) defects. 
3.3.3 Continuity equations 
In a solar cell, the total current is the sum of electron current and hole current: 
������ � ������ � �������    (3.3.3.a) 
Under equilibrium condition, according to equations (3.2.1.a) & (3.2.1.b), the total 
current can be further simplified as: 






   (3.3.3.b) 
65 
where μp and μn are the mobility (in cm2/V-s) of holes and electrons in the device, 
respectively.  
If the device is under excitation, such as illumination or voltage bias, according to 
equations (2.3.1.i) and (2.3.1.j) in Chapter 2, the total device current is altered to: 
������ � ������ � ������� � �������� � 1�, and   (3.3.3.c) �� � �������� � ��������       (3.3.3.d) 
where Js is defined as saturation current of an ideal diode. Dn and Dp are electrons and 
holes diffusivity. Ln and Lp are the diffusion length of electrons and holes. Dn and Dp 
can be further calculated from equations:  �� � ������ � ���������� � ����� ����� � ������    (3.3.3.e) �� � ������ � ���������� � ����� ����� � ������    (3.3.3.f) 
�� � ������� � ������� ����� � ��� �3����   (3.3.3.g) 
�� � ������� � ������� ����� � ��� �3����   (3.3.3.h) 
In the device, the following ‘continuity equations’ need to be held at any time: 
���� � �� ����� � ��� � ���     (3.3.3.i) 
���� � � �� ����� � ��� � ���     (3.3.3.j) 
In both the simulation software, due to the doping concentration (including defect 
states) settings for each layer is independent of time, (3.3.3.i) and (3.3.3.j) are equal to 
zero. The equations can be further simplified: 
�� ����� � ��� � ��, and     (3.3.3.k) 
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�� ����� � �� � ��      (3.3.3.l) 
where Gn and Gp are the total generation rate of electrons and holes, while Rn and Rp 
are the total recombination rate of electron and holes, respectively.  
3.3.4 Optical modelling 
For both the simulation software, the illumination spectrum used is AM1.5. However, 
the illumination intensity of the spectrum attached with each software are slightly 
different, especially in wavelength from 600nm~ 800nm, resulting to slightly different 
simulation results.  
Apart from the intensity, the optical absorption coefficients of the materials used in the 
models are also slightly different from each other. The material-light interaction is 
modelled through absorption coefficient, α. The following relations are used in both 
the software: � � ������     (3.3.4.a) 
where I and I0 are the current flux and initial flux (number of photons) of a certain 
frequency photons at a penetration depth x. According to the theory, each photon with 
enough energy can excite only one electron-hole pair. Therefore, the optical generation 
rate can be derived from the number of photons absorbed (reduction in flux). 
In AMPS-1D software, I0 and α are defined directly. In addition, a model for optical 
reflection at hetero-junction interface is applied, with reflection coefficient, REi at the 
number i interface as 
��� � �������� ��������� ���
�
     (3.3.4.b) 
where εi and εi-1 are the relative permittivity of the No.i and No.(i-1) layer. The 
software simulates the optical absorption and optical generation rate through the sum 
absorption of all incident light and reflections at the interfaces.  
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For the other software AFORS-HET used for defects and ISt associated simulation, the 
absorption coefficient is calculated from ‘Lambert-Beer equation’ as: � � �������       (3.3.4.c) 
where ‘κ’ here is the attenuation coefficient, which can be input directly. In addition, 
similar to AMPS-1D, an interfacial optical reflection can be modelled through: 
��� � ������� �������� ����     (3.3.4.d) 
where ni and ni-1 are the refractive index for photons with certain wave lengths in No.i 
and No.(i-1) layers, which can be inputted directly. Equation (3.3.4.b) and (3.3.4.d) are 
similar, but the former one is true only under strict conditions. The detailed optical 
reflection issues will be simulated and discussed in later chapters. 
 
3.4 Solar cell efficiency 
The efficiency of solar cells is the conversion power over illumination power. 
Experimentally, it is usually measured through current-voltage measurement under 
certain intensity and spectrum of solar illumination. The current-voltage curves, so 
called I-V curves, are also important outputs of both of the simulation softwares in this 
research.  
Figure 3.6 shows a typical current-voltage curve of a TiO2/CuO/Cu2O solar cell 
generated by using AFORS-HET software. In the figure, the current when V=0V is 
defined as short circuit current JSC, while the voltage when J=0mA/cm2 is defined as 
open circuit voltage, VOC. For an absolutely ideal solar cell, the maximum power 
output is JSC*VOC. However, this maximum power is reduced significantly in practical 
solar cells due to imperfections in the devices. As a way to describe how ideal a solar 
cell is, a fill factor, FF is defined as maximum-power/JSC*VOC. The conversion 




Figure 3.6 I-V curve of a TiO2/CuO/Cu2O solar cell generated by AFORS-HET software  
 
3.5 Summary 
This chapter introduced the application of basic theory in semiconductor and solar cell 
physics in modelling tools. For the basic theory, the physics covers the phenomenon of 
materials when isolated, joined together, and with excitation. For the simulation 
software, the basic theory is similar, but with slight difference in simplifications or 
parameter calculation. All the device simulations covered in this study are derived 
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Silicon-based solar cells are a group of most well studied solar cells, both in materials, 
device fabrication control, characterization and analysis. A good agreement between 
simulation and experimental results in previous review can firstly verify the models of 
the simulation, and additionally improve the understanding of the device physics and 
cell-structure designs. 
 
4.1 Simulation Settings 
The simulation software used in this chapter is AMPS-1D. The work in this chapter is 
focused on a simple double layer structure homo-junction silicon solar cell, to study 
the effects of doping concentration, layer thickness and defects concentration on the 
cell performances. The structure of the cell is shown in Fig.4.1. Usually, the p/n 
junction of a commercial solar cell (such as Fig.2.1) is always near the top region of 
the cell, and the top layer is always heavily doped. Therefore, the variable parameter 
settings for the model here follow the reality, as summarized in Table 4.1. Other 
parameters setting, such as relative permittivity, carrier mobility, absorption 
coefficient, band gap values, etc. were set as reported in the literatures. 
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Figure 4.1 Schematic silicon-based solar cell model. 
In this chapter, both ideal and non-ideal situations will be investigated. For simplicity, 
no optical reflection of light is considered at all interfaces. As an ideal situation, no 
defects, interfacial states and Shockley-Read-Hall recombination are considered in this 
Si solar cell. Only direct band-to-band recombination in the semiconductor and a 
constant surface recombination with a speed of 107cm/s at metal/semiconductor 
contacts are considered. For non-ideal situation, the serious recombination processes 
caused by defects and interface states will be considered, in additional to the ideal 
situation.  
The BSF effect which is caused by heavily doping at the back surface is introduced. It 
is simulated by a small Schottky barrier at the back contacts. Because the detailed 
effects of BSF will be studied in Chapter 5, only a brief study is involved here. For the 
BSF study, the starting sample consists of a top p-layer of 0.25μm with 1019cm-3 
acceptor concentration and a bottom n-layer of 50μm with 5x1016cm-3 donor 
concentration. By varying [EC-EF] value and hence, BSF barrier height at the back 
contact, the effect of BSF is studied. 
Table 4.1 Parameter setting ranges for Si-cells. *Note: The data in the brackets are constant settings for 
the model when varying that parameter. The sequence is (p-layer thickness, n-layer thickness, p-layer 





For the simulation of defect concentration effects, the model used is a top p-type layer 
of 250nm with 1019cm-3 doping concentration, followed by a bottom n-type layer of 
400μm with 1016cm-3 doping concentration. Defects introduced are all discrete with 
energy level located at 0.56eV from EC or EV, with a width of 0.01eV in each 
simulation case. The electron and hole capture cross-sections for donor-like defects are 














10-14cm2 and 10-15cm2, and for acceptor-like defects are 10-15cm2 and 10-14cm2 
respectively. 
The parameters studied and optimised in this chapter are the thickness, doping 
concentration and the defect concentrations of each layer. The optimum values and the 
optimum combinations of these parameters are required, to obtain an optimised solar 
cell structure.  
4.2 Results and Discussion 
4.2.1 Validation of simulation packages 
For the purpose of validation of simulation packages, a simple solar cell geometry is 
used as the testing structure. Comparison between simulation results and analytical 
results produced by theories and equations in Chapter 3 is made in this section. For a 
simple double layered solar cell geometry shown in Fig.4.1, the simulation settings for 
both of the layer can are list in Table 4.2.  








*Note: Absorption coefficient (cm-1) is not a fixed value but varies with wave length. The table shows a 
range. 
The simulation results are shown in Figure 4.2 and 4.3: 
 Top p-Si Bottom n-Si 
Thickness (μm) 0.25 200 
Acceptor concentration (cm-3) 5.0x1018  
Donor concentration (cm-3) 0 1.0x1016 
Band gap (eV) 1.12 1.12 
Electron affinity (eV) 4.05 4.05 
Relative permittivity 11.90 11.90 
Hole mobility (cm2/V-s) 450 450 
Electron mobility (cm2/V-s) 1350 1350 
Effective density of states in 
conduction band (cm-3) 2.80x1019 2.80x1019 
Effective density of states in valance 
band (cm-3) 







Figure 4.2 Band diagram of validation Si solar cell geometry produced by AMPS-1D. (a) the overall 
band diagram, and (b) the detailed diagram at the p/n junction area. 
 
Figure 4.3 I-V curve of the validation Si solar cell produced by AMPS-1D. 
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Under these settings, the Fermi energy level in p-Si and n-Si should have an energy 
difference from EC and EV according to Eq. (3.1.3.b1) and Eq. (3.1.3.b2), as �� � �� � ���������� � 1.38 � 10��� ���� � 300��� ln ��.��������������.������������ � � 0.02��  
(4.2.1a) 
�� � �� � ���� ������ � 1.38 � 10��� ���� � 300��� ln ��.��������������.������������ � � 0.21��  
(4.2.1b) 
for p-Si and n-Si respectively. These analytical results match well with the simulation 
results in Fig.4.2 (b).  
The Vbi of the device can be analytically calculated according to Eq. (3.2.1.c) and 
(3.1.2.e), as 
��� � �� � �� � ��� �� ���������� � ���.����������� �� �.��������������.������������������� ����� � 0.89� 
(4.2.1c) 
which also match well with the simulated Vbi=0.90V in Fig.4.2.   
The width of depletion region in this structure can be calculated according to Eq. 
(3.2.1.d), as 
� � �� � �� � �������� ���������� � � ���������.����.����������� ��.��������������.�������������.��������������.������������� �343�� (4.2.1d) 
By comparing this value of the depletion region width generated by the software as 
W=0.595μm-0.250μm=345nm, the simulation package is valid.  
For the I-V curve, due to the bandgap settings of silicon is 1.12eV, which means all 
photons with wavelength shorter than 1107nm in the spectrum will be absorbed. 
According to the solar spectrum settings in the software as shown in Figure AA3 in 
Appendix A, the flux is generally in the level of 0.4~0.8x1015cm-2s-1 per 20nm 
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wavelength (number of photons per unit area per unit wavelength per unit time). This 
alternatively means the number of photons with wavelength shorter than 1107nm 
should be in the level of 2.3x1017cm-2s-1 in the simulation. If all these photon generate 
one carrier and this carrier can survive to contribute JSC, the JSC can be calculated 
generally as: ��� � ������  �� ������� � � � 2.3 � 10����������� � 1.602 � 10���� �36.8��/���  (4.2.1e) 
This analytical result also matches well with the simulated JSC=29.50mA/cm2 as shown 
in Fig.4.3. The difference between the results should be caused by the ignorance of 
recombination process in the analytical one, leading to a larger JSC. The cases 
considering recombination would be far more complicated which is very difficult to 
calculate manually. 
For non-ideal cases where defects and interface states present, the manually analytical 
calculation would be very difficult because various recombination mechanisms and 
band structure changing need to be considered. Therefore, an efficient validation work 
on this part should be carried by comparing simulation results with experimental 
results in each chapter.  
Generally speaking, the simulation package AMPS-1D does produce reasonable results 
which match well with analytical calculations. For the AFORS-HET software which 
produce similar results to those produced by AMPS-1D, should also be valid to predict 
solar cell performances. A validation of AFORS-HET is presented in Chapter 6. 
 
4.2.2 Ideal situation 
Simulation results for the ideal situation are shown in Fig.4.4 & Fig.4.5. The four 
resultant parameters of JSC, short circuit current; VOC, open circuit voltage; FF, fill 
factor, and EFF, conversion efficiency are indicators of the performance of a solar cell. 
Fig.4.4a indicates VOC and FF increase, but JSC decrease with the increase of the top 
layer thickness, and the overall conversion efficiency shows a maximum value at a top 
layer thickness around 250nm. Because of the heavy doping in this layer gives a very 
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limited depletion region in itself. If the top layer is too thick, the carriers generated by 
photon illumination are wasted on the way to electrodes (consumed as a Joule-heating 
through resistance of the layer), rather than be collected effectively by the build-in 
electric field; however, the semiconductor need to be thick enough to let depletion 
region extend thoroughly to make full use of the built-in electric field. As a 
consequence, the optimum value of the top layer thickness is about 250nm. The trend 
and values of the parameters v.s. top layer thickness matches well with ref [1] and ref 
[2]. This optimum value may vary if conditions change, such as illumination, doping 
concentrations in each layer, anti-reflection layer, etc.  
 
Figure 4.4 Performances vs. layer thickness of (a) p-type top layer and (b) n-type bottom layer. *Note: 
simulation conditions see Table 4.1, ‘Thickness’. 
 
For the bottom n-type layer, all performance parameters increase with the increase of 
thickness. This layer is set lightly doped to allow a complete absorption of the incident 
light for high efficiency. As a result, the depletion region in this layer is much wider 
compared to that in the top layer, about 0.35μm, therefore the absorption by this layer 
is desired. However, the rate of performance improvements becomes small as the layer 
thickness was increased beyond ~50um, and the material in reality always have lots of 
defects, therefore, an optimum thickness may be vary between about 200μm to 400μm. 
These results can be verified by ref [3,4], and can be further verified by a simulation 
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on CdTe solar cell where the absorber thickness shows a positive effect on 
performances. [5]    
The doping concentration in the top p-type layer shows a strong effect on the 
performances (Fig.4.5a), and the heavier the doping concentration, the better the 
performances. This is due to the heavy doping in the layer causes big bandgap shift 
comparing to Fermi level (according to Eq.3.1.3), leading to a large build-in potential, 
hence improved VOC and FF. Additionally, all the parameters saturate when the top 
layer doping concentration is greater than 1020cm-3. This is because NV for the 
simulation is set 1.04x1019cm-3, which leads to 
 
at 1020cm-3 or heavier doping concentration. This means the Fermi level EF, is already 
within the valence band at this doping level, and further increase in doping cannot 
improve the build-in electric field and hence, VOC etc. anymore. This result matches 
well with a simulation study on CdTe(As, Cl) solar cell. [6] 
 
Figure 4.5 Performances vs. doping concentration of (a) p-type top layer and (b) n-type bottom layer. 
*Note: simulation conditions see Table 4.1, ‘Doping Conc.’.  
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The bottom layer doping concentration, from the curves shown in Fig.4.5b, doesn’t 
have significant effects on the performances. This is due to the low absorption 
coefficient of the silicon material used, the increase of depletion region (≈0.35μm) is 
ignorable compared to the total thickness of this layer (=400μm). In addition, the 
difference of EF shifting comparing to EC and EV within the doping range of 
1016~1018cm-3 is not significantly large (0.1eV difference), leading to insignificant 
effect. This can be verified if the bottom acceptor concentration is set 1014cm-3, which 
leads to a large EF shifting than the cases with 1016~1018cm-3. This results in a 
VOC~0.57V, JSC~30.57mA/cm2, FF~0.77 and EFF~13.36%, nearly all significantly 
smaller than those shown in Fig.4.5b.  
 
Figure 4.6 Solar cell performances v.s. BSF barrier height. *Note: top p-layer 0.25μm, 1x1019cm-3, 
bottom n-layer 400μm, 5x1016cm-3. 
 
For the BSF effect introduced by heavy doping on the back side of silicon solar cells, 
the results of simulation with different BSF barrier height are shown in Fig.4.6. With 
this range of doping concentration (1016~1018cm-3) in the bottom layer, the maximum 
BSF barrier height achievable is about 0.2eV. It is obvious to find a significant 
improvement in all device parameters with the increase of barrier height up to 0.2eV. 
79 
These results match well with other experimental and theoretical results previously 
reviewed.  
Practically, the fabrication techniques of single crystalline silicon solar cells are 
advanced. Many approaching-limit high efficiency silicon cells can be considered as 
‘ideal’ with low defect density, ISt density and surface recombination rate. By 
comparing the results obtained from this work with those commercial solar cells [7-
10], a generally good agreement can be made. For the issue ‘how device parameters 
affect performances’, the trends of the effects also match well with other work [11,12]. 
The causes to some differences, between this and experimental work can be 
summarized as:  
1) No back surface optical reflection is considered in this study, while high EFF 
practical cells all have Al or Ag back reflection contact; 
2) The attached AM1.5 spectrum in the software package doesn’t cover the 
900nm~1108nm (1.38~1.12eV) region, which leads to a reduction in JSC and hence, 
VOC and EFF. 
3) Simulation error allowance. 
 
Figure 4.7 Performance affected by the concentration of (a) donor-like defects and (b) acceptor-like 
defects in top p-type layer. *Note: simulation conditions the same as Figure 4.4. 
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4.2.3 Non-ideal situation 
The simulation results when considering Schokley-Reed-Hall recombination through 
defects are presented in Fig.4.7 & Fig.4.8. For the top p-type layer, donor-like defects 
do not affect the performance greatly. In contrast, the acceptor-like defects reduce the 
EFF by more than 50% when its density is about one hundredth of the acceptor doping 
concentration. At open circuit state, free electrons and holes generated are separated by 
the built-in electric field and accumulated at the two terminals:  electrons in n-type side 
and holes in p-type side. As shown in Fig.4.7, that hole current dominates in the top 
layer. The acceptor-like defects in the top p-type side which attract and trap holes most 
effectively will, therefore, cause serious recombination in this layer. In the bottom n-
type layer, both the defects can cause large reduction in JSC and VOC if the defect 
density reaches about one hundredth of the active doping concentration. Donor-like 
defects can cause severe deterioration in performances even at a density of 1x1013cm-3. 
Again, as shown in Fig.4.9, this is because both electron current and hole current 
dominate in the bottom layer. Additionally, the slight increase in performances shown 
in Fig.4.8 is caused by the increase of defect-induced doping concentration. Therefore, 
both donor-like and acceptor-like defects are harmful to cell performances in the layer 
with long depletion region and the densities need to be controlled about 102~103 lower 
than doping concentration. 
4.3 Summary 
In a summary, the simulation results on silicon solar cell meet well with experimental 
work and other researchers’ theoretical work. The general effects of device parameters, 
such as doping concentration and thickness are also understood physically. The author 





Figure 4.8 Performance affected by the concentration of (a) donor-like defects and (b) acceptor-like 
defects in bottom n-type layer. *Note: simulation conditions the same as Figure 4.4. 
 
 
Figure 4.9 Current density components in ideal device. 
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Chapter 5 Ideal Metal Oxide Hetero-junction 




As studied in previous chapters, the current market dominating silicon solar cells do 
have a lot of advantages such as high conversion efficiency, matured manufacturing 
technology etc. However, the high fabrication cost drives a continuous search for new 
low-cost materials and easy processes. Metal-oxide-based (MO) semiconductors have 
received great attention recently owing to the large variety of material types, energy 
bandgaps, structures and high optical absorption rates for PV cells. This chapter will 
concern systematically on simulation study of potential metal-oxide-based thin-film 
hetero-junction solar cells in various structures. The effects of various device 
parameters of the cells will be studied and the feasibility of these potential materials, in 
PV application, will be discussed. The main oxide semiconductor materials studied 
here are TiO2, ZnO, CuO, Cu2O, etc. 
In this chapter, the research is going to be presented in three parts: 1) Bandgap 
engineering of TiO2 solar cells; 2) Window/Absorber (WA) structured MO solar cells 
and 3) Window/Absorber/Voltage-Enhancer (WAV) structured MO solar cells. All the 
study is with the emphasis on cell structures.  However, this chapter will only discuss 
ideal theoretical predictions. More realistic simulations, considering defects and 
interface states which are serious problems for newly invented hetero-junction solar 




5.1 Simulation Settings 
The three basic simulation models used in the three parts of this session are shown in 
Fig.5.1. Fig.5.1a gives a simple double-layer structure of the bandgap engineering 
solar cells. All parameters such as thickness, doping concentration and optical bandgap 
value of both of the layers can be varied to obtain an optimum cell performance. 
Fig.5.1b is a WA structure cell model developed from the optimisation results of 
bandgap engineering. Instead of bandgap engineering, various MO semiconductors, 
with desirable properties, will be applied to search for a more practical solar cell 
material system. As a further development, the WAV structure in Fig.5.1c will be 
studied to explore VOC enhancement based on WA double layer structure 
.  
 Figure 5.1 Starting structures for the simulation study in this chapter: a) bandgap engineering –based on 
TiO2 alloying; b) Window/Absorber (WA) structure with emphasis on TiO2/CuO system; and c) 
Window/Absorber/Voltage-Enhancer (WAV) structure with emphasis on TiO2/CuO/Cu2O. 
 
In all the simulation work, the following assumptions are used: all cells are simulated 
at temperature of 300K. Contacts are all made into Ohmic or slightly Schottky which 
can cause slight VOC enhancement. The Fermi-level at the interface is set to be [EC-
EF]=0.1eV for n-type layer, and [EF-EV]=0.1eV for p-type layer; the surface 
recombination speed is set to be 1x107cm/s for both the surfaces with the electrodes; 
only direct band to band recombination was considered within the semiconductor 
layers and the recombination caused by defects (known as SRH recombination) were 
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ignored in the ideal models here; the whole solar spectrum (AM1.5) is absorbed with 
no reflection from the surface. For simplicity, no interface states for the hetero-
structures and no defects in conductive layers were considered, i.e. an ideal solar cell.  
5.1.1 Simulation settings for band-gap engineering 
The starting model used for TiO2 solar cell simulation was designed similar to that 
used in silicon-cell simulation, but much thinner layers, because of its 1~2 orders of 
magnitude higher absorption coefficient comparing to that of silicon. Based on this 
starting model, the effects of each layer were studied and cell structure was optimised. 
Currently, the bandgap of TiO2 can be engineered in a wide range of value and the 
minimum value can reach about 1.55eV as reviewed, which corresponds to 800nm of 
solar spectrum. For simplicity, the absorption coefficient is estimated at 106/cm for the 
whole spectrum <800nm; effective density of states for conduction band and valence 
band are, according to estimation from theoretical modelling, estimated as 
1.3x1020/cm3 and 1.5x1021/cm3, respectively; all other parameters were input as 
reported in the literatures. The variable parameter settings for TiO2 cell is shown in 
Table 5.1. 
Table 5.1 TiO2 bandgap engineered solar cell variable settings. The values in three brackets in each table 
cell represent: (top-layer thickness, bottom-layer thickness) (top-layer doping concentration, bottom-
layer doping concentration) and (top-layer EG, bottom layer EG). Parameters with ‘~’ are the variables 

































5.1.2 Simulation settings for WA and WAV structures 
This part of the work concentrates on study and design of solar cell structures by using 
various candidate materials, such as CuO, TiO2, ZnO, Cu2O, etc. It will be concluded 
in the results and discussion session that a narrow EG material is suitable for 
development of the oxide solar cells. CuO is considered as a representing material in 
this study to be the bottom layer. Furthermore, CuO is a natural p-type semiconductor. 
We propose a hetero-structure solar cell having a n+/p/p+ structure as shown in 
Fig.5.1c. It consists of a wide bandgap W-layer, a narrow bandgap A-layer and a back 
V-layer to enhance VOC. For simplicity, the energy bands and material for the latter 
two layers are chosen to be those of pristine CuO and Cu2O respectively. The bandgap 
EG, of the three layers, are initially set to be ~3.0eV for the window layer, 1.2eV and 
2.1eV for the A- and V-layers respectively. To clarify the effect of the V-layer on VOC, 
a two-layer structure device with the absence of the V-layer is also used in the 
modelling as shown in Fig.5.1b. The detailed parameter settings are shown in Table 
5.2 and Table 5.3. 
Table 5.2 Device modelling parameter settings for each layer in WA and WAV structures. 
*Note: Absorption coefficient (cm-1) is not a fixed value but varies with wave length. The table shows a 
range. 
 
 W (n+) A (p) V (WAV) (p) 
Thickness (nm) 80 1500 100 
Acceptor concentration (cm-3) 0 1.0x1016 1.0x1017 
Donor concentration (cm-3) 1.0x1019 0 0 
Band gap (eV) 3.0 1.2 2.1 
Electron affinity (eV) 3.9 4.07 3.2 
Relative permittivity 86 18.1 9 
Hole mobility (cm2/V-s) 20 10 40 
Electron mobility (cm2/V-s) 10 0.1 20 
Effective density of states in 
conduction band (cm-3) 1.32x1020 3.0x1019 2.02x1018 
Effective density of states in valance 
band (cm-3) 








Table 5.3 Variable setting ranges and the corresponding constant settings. *Note: Parameters in the 
brackets are the constant settings when studying a variable. They are in the sequence of W-layer 
thickness, A-layer thickness, W-layer doping concentration and A-layer doping concentration. The 
symbol ‘--’ represents the variables 
 
5.2 Results and Discussion 
5.2.1 TiO2 bandgap engineering  
In this section, the cell performances of TiO2 bandgap engineered solar cells are 
discussed as the functions of thickness, doping concentration and bandgap values. All 
of these device parameters show significant effects on different performance 
parameters.  
 
Figure 5.2 TiO2 two-layered structure, layer thickness effects: (a) top n-type layer and (b) bottom p-type 
layer. *Note: simulation settings see Table 5.1 ‘Thickness’. 
 
Variables W-layer thickn. A-layer thickn. W-layer doping conc. A-layer doping conc. 
vary in the 








5x1016) (80, 1500, --, 5x10
16) (80, 1500, 1x1019, --) 
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5.2.1.1 Layer thickness effects 
The performances of TiO2 two-layered cell vs. each layer thickness are shown in 
Fig.5.2. It is obvious that the top heavily doped layer does not affect the performances 
significantly, very different from the results obtained from the Si-cell simulations. This 
is because the wide bandgap of the TiO2 material has very limited absorption. There 
would not be considerable carriers generated outside the depletion region in the thick 
top-layer. Therefore, the wide EG top layer acts as a window layer and the thickness 
has very limited effect on the performance. Differently, the bottom layer (bandgap 
engineered, 1.55eV) thickness shows considerable effects, especially on VOC, but only 
when the thickness is small. The reason is the high absorption coefficient of the TiO2 
material, which can absorb solar spectrum within several micrometers instead of 
200~400μm as obtained from the Si-cells. As expected, all the performances can be 
improved if the bottom layer becomes thicker. The reason JSC being affected slightly is 
also the wide EG of 1.55eV can absorb light λ<800nm, comparing to 1.12eV of silicon 
which can absorb light with λ up to 1100nm.  
5.2.1.2 Doping concentration effects 
Fig.5.3 shows the effects of doping concentration of the performance of this thin film 
structure. In the top layer, a high doping level gives a slightly poorer JSC than that at 
low doping level, different from the results obtain from Si-cells (Fig.4.3a). In the cases 
of Si-cell, both the top and bottom layer would absorb light effectively due to the 
narrow bandgap of 1.12eV. Therefore, a light doping and hence a long depletion 
region in the top layer of Si-cell will not reduce JSC significantly, but only VOC. In the 
cases of TiO2-cell, the wide bandgap (1.55eV) of the bottom layer allows relatively 
less optical absorption and produces smaller JSC. The amount of contribution to JSC 
from the top window layer, therefore, can not be ignored. Increasing the doping 
concentration in this window layer may cause slight reduction in depletion region and 
the collection of the carriers generated from the top layer is slightly reduced. However 
the amount of this effect is nearly ignorable in this structure and the cell performances 
will not significantly be affected by top layer doping concentration. In the bottom layer 
however, the heavier the doping concentration, the more significant the band shift vs. 
Fermi level. Therefore, better VOC is expected. The JSC which is expected to be smaller 
at higher doping levels of the bottom layer, shows slightly higher values. This strange 
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trend could be explained as follows:  the increase of bottom layer doping concentration 
over 5x1017cm-3 will increase the depletion region in moderately doped (1x1018cm-3) 
top layer. The main depletion region for carrier collection therefore moves closer to the 
front side of the cell and hence the efficiency of carrier collection is improved. Due to 
the overall optical absorption by the device is limited (EG = 1.55eV) hence producing a 
small JSC<10mA/cm2, the JSC improvement caused by depletion region forward-
moving is significant. It is here that the strange increase in JSC is observed. In this case, 
a heavy doping concentration in the bottom layer is assumed for the bandgap-
engineering simulation later.  
As we can see, in ideal cases, the doping concentration in both of the layers show very 
limited effects on JSC but significant effects on VOC. This trend matches well with the 
conclusion from previous simulations on silicon solar cells. Although it may affect 
other parameters, adjusting doping concentration can be used as an effective way to 
maximise solar cell VOC. 
 
Figure 5.3 TiO2 cell performances vs. (a) top layer doping concentration and (b) bottom layer doping 
concentration. *Note: simulation conditions see Table 5.1, ‘Doping Conc.’. 
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5.2.1.3 Bandgap effects  
For the bandgap engineered TiO2 solar cells, the simulation results are shown in 
Fig.5.4. It is obvious that by increasing the bandgap of the heavily-doped top layer, 
significantly better performances can be achieved in all parameters, especially FF. FF 
improvement saturates gradually after EG increased larger than 2.5eV (λ<~500nm). 
These phenomena can be explained as followed: the small thickness of this top layer 
cannot allow full extension of depletion region here and, give small FF. This effect is 
especially significant when the top layer has a small EG. This can be verified through 
the results in Fig.5.5 and Fig.5.6. Fig.5.5 gives the performances versus top layer 
thickness when all other device parameters are maintained constant as: top layer 
doping concentration = 1018cm-3, EG = 1.6eV; bottom layer doping concentration = 
1019cm-3, thickness = 2000nm and EG =1.55eV. Fig.5.6 shows the band diagrams of 
solar cells when top layer thickness is set 100nm and 500nm.  
 
Figure 5.4 TiO2 cell performances vs. (a) top layer bandgap, and (b) bottom layer bandgap. *Note: 




Figure 5.5 Performances vs. top layer thickness (100nm~500nm) when the top-layer/bottom-layer EG 
are set 1.6eV/1.55eV. *Note: simulation conditions the same as Figure 5.4. 
 
From Fig.5.5, it is obvious that the thicker the top layer, the worse the performances. 
However, the fill factor is increased significantly from 0.43 to ~0.84 when the 
thickness is increased from 100nm to 500nm. Fig.5.6 shows the band diagram 
difference between the two situations: 100nm top layer (Fig.5.6a) is not thick enough 
to let the depletion region fully extend before reaching the front metal contact, while 
the 500nm thickness (Fig.5.6b) is thick enough to do so. Therefore the fill factor is 
much better in 500nm top-layered cell than that in 100nm top-layered cell. A non-fully 
extended depletion region will therefore decrease the fill factor significantly compared 
to a fully extended one. 
 
Figure 5.6 Band diagrams of solar cells in Fig.5.5 when top layers are set 100nm (a) and 500nm (b). 
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Due to the small bandgap and high optical absorption coefficient of the top layer, a 
large amount of photons will be absorbed in the top layer.  Hence, the non-fully 
extended depletion region, in this layer, does significantly negatively affect the 
collection of carriers. Therefore, a big bandgap of the top layer can help reduce the 
absorbance in this layer, and give the bottom layer more chances to absorb photons 
where the depletion region distribute mainly. Therefore, a higher efficiency is 
expected. This trend saturates at above 2.5eV (λ<500nm) gradually in Fig.5.4a when 
the proportion of solar irradiation λ<500nm in the whole spectrum is relatively small. 
This means the top layer of solar cell should be fabricated with wide bandgap 
materials. Natural TiO2, showing a wide bandgap is suitable here. 
The bottom layer bandgap shows nearly opposite effects on JSC and FF comparing to 
top layer bandgap as shown in Fig.5.4b. A wide bandgap in this layer will allow less 
photons in the spectrum to be absorbed and hence smaller JSC. In this layer, the 
depletion region is fully extended at all times due to the 2μm thickness and the wider 
the bandgap, the less absorption is hence the worse fill factor. In addition, the wider 
the bottom layer bandgap, the higher build-in electric field will be. Therefore, the 
better VOC will be.  
5.2.1.4 TiO2 bandgap-engineering solar cell summary 
In a summary, for TiO2 bandgap engineering double layer solar cell, due to the high 
materials optical absorption coefficient, the following design principles can be 
concluded: 
1) Layer thickness, especially narrow bandgap layer thickness needs to be big 
enough to allow maximum photon absorption. 
2) Any layer should be thick enough to fully allow extension of depletion region 
to give maximum fill factor. 
3) Increasing doping concentration is an effective technique to maximise VOC. 
However depletion region will be shortened to reduce carrier collection rate, 
especially in cells with large amount of defects discussed in Chapter 6. 
4) When bandgap of the materials can be tuned as desired, balance needs to be 
maintained to achieve satisfying VOC and JSC.  
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These principles can be also used in future solar cell structure design. 
5.2.2 WA solar cell with various metal oxide semiconductors 
Window/Absorber (WA) structure is a basic p/n or n/p structure for hetero-junction 
solar cells. The simulation study in this session will cover a wide range of issues about 
this structure: potential TiO2/CuO solar cell; existing typical ZnO/Cu2O solar cell; A-
layer optical bandgap optimisation and band-offset at MO cell hetero-junction 
interfaces. Through the previous two topics, device parameter fabrication requirements 
could be understood and summarized, while the other two topics will give a general 
guidance to materials selection process for new PV device development in the very 
early stage.  
5.2.2.1 TiO2/CuO WA cell 
Fig.5.7a shows the band diagram of a WA cell used as the starting structure for the 
simulation with an n-type W-layer 80 nm thick and doping concentration of 1x1019cm-
3. The p-type A-layer is 1500nm thick with a doping concentration of 1x1016cm-3. 
 
Figure 5.7 Band diagram of TiO2/CuO solar cell in WA structure. 
 
5.2.2.1.1 Thickness effects 
Fig.5.8 (a) and (b) show the effects of the thicknesses of the W-layer and A-layer on 
the performance of the W/A structure cells. VOC and FF remain almost unchanged, 
while the short circuit current, JSC, and the conversion efficiency,�EFF, decrease slowly 
with the increase of the W-layer thickness from 50nm up to 500nm owing to the 
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absorption of limited short wavelength solar spectrum by the wide bandgap layer (e.g. 
≥400nm for TiO2). It is obvious that the W-layer should be chosen as thin as possible 
to achieve good performances. However, a very thin W-layer will introduce extremely 
high sheet resistance once a practical three-dimensional device structure is considered 
and may also introduce short-circuit problems. Since the thickness of the W-layer has a 
limited effect on the performance once the thickness is thinner than 100nm as shown in 
Fig.5.8a, a W-layer of 80nm is then chosen as a representative for the following 
simulation to clarify other effects. The study of detailed sheet resistance effect requires 
a simulation based on 2-D or 3-D models, which will be a part of future work.  
Unlike the W-layer thickness, the A-layer thickness has a pronounced effect on all 
performance parameters as shown in Fig.5.b. Particularly, JSC and EFF increase rapidly 
from 18 to 31mA/cm2 and from 8.5% to 17.0%, respectively, when the A-layer 
thickness increases from 250 to 3000nm as a thicker A-layer can absorb more incident 
solar spectrum for free carrier generation. The A-layer thickness in this MO cell is 
much thinner than that of single or polycrystalline Si-solar cells owing to the high 
absorption coefficient of CuO, which is larger than 1x104cm-1 [1]. Since a change of 
the A-layer from 1500nm to 3000nm A-layer changes the efficiency from 15% to 16%, 
the A-layer is set to be 1500nm as a representative for the following simulation to 
clarify other effects.  
 
Figure 5.8 The effects of the W-layer (a) and A-layer (b) thickness on the performances of the WA cell. 
*Note: simulation conditions see Table 5.3, ‘W-layer thickness’ and ‘A-layer thickness’. 
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5.2.2.1.2 Doping concentration effects 
In previous study, the doping concentration is found to have a significant effect on the 
performances, especially VOC of PV cells. From the TiO2/CuO cell simulation, similar 
results are found and shown in Fig.5.9 (a) and (b).  
For the W-layer doping concentration varying from 1017cm-3 to 1020cm-3, all the 
performance parameters are found affected very limited: JSC decreases slightly from 
29.21 to 29.01mA/cm2 (less than 1%), while VOC and FF remain almost unchanged, 
mostly due to the ignorable further band shift at heavy doping level. These trends are 
very similar to Fig.5.3a which is the top-layer doping concentration effect on TiO2-
bandgap-engineered solar cell performances. The reasons for these results are also the 
same as in the cases of TiO2-bandgap-engineered solar cells. Generally speaking, low 
doping concentration should be avoided for the W-layer to minimize the high series 
resistance and to create an ignorable length of depletion region in the wide bandgap 
W-layer. To be realistic for low series resistance, good Ohmic contact and optimised 
depletion region distribution, a doping concentration of 1x1019cm-3 is chosen as the 
optimal doping for the W-layer in the following simulations.  
 
Figure 5.9 The effects of W-layer (a) and A-layer (b) doping concentration on the cell performances of 
WA cell. *Note: simulation settings see Table 5.3, ‘W-layer doping conc.’ and ‘A-layer doping conc.’. 
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Differently, the doping concentration of the A-layer shows a much stronger effect on 
the performance as shown in Fig.5.9b. For doping level up to 5x1015 cm-3, all the 
performance parameters remain almost constant. JSC decreases while VOC increases 
monotonically with doping concentration increase after 1x1015cm-3. Combination of all 
the effects leads to a V-shape change of the efficiency against the doping level of the 
A-layer. The changing trend of JSC in Fig.5.9b is slightly different from that in Fig.5.3b 
for TiO2 bandgap-engineered solar cells. At low doping levels, the depletion region in 
the A-layer extends to a much larger thickness, which is effective for the generated 
photo carriers to drift to the terminals. With the increase of the A-layer concentration, 
the depletion region shrinks, leading to a reduced collection rate of the generated 
carriers (reduced JSC) for energy conversion, as shown in Fig.5.10. However a high A-
layer doping level gives a high VOC due to increased band shift against the Fermi-
levels in n- and p-regions. Since there is a risk of tunnelling leakage for a heavily 
doped n/p junction, a high concentration A-layer should be avoided. Also VOC can be 
enhanced by adding a V-layer by the BSF effect which will be discussed in next 
session about WAV structure, a doping level of 1x1016cm-3 is, therefore, set to be the 
optimal value for the cells.  
With these optimized parameters, it is found that the two-layer WA cell could have a 
conversion efficiency EFF up to 15.76%; with JSC ~ 30.97mA/cm2, VOC~ 0.62V and 
FF~0.82. As reviewed previously, complex structured silicon solar cells can be 
fabricated to achieve a conversion efficiency of up to 24.7% [2], very close to the 
maximum theoretical efficiency 28.8% [3]. Therefore, MO may also have great 
potential for PV application if sufficient study could be done in the future. 
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Figure 5.10 Band diagram for different A-layer doping levels: curves (a) 1x1018 cm-3; (b) 5x1016 cm-3; 
(c) 5x1014 cm-3with a constant W-layer doping concentration at 1x1019 cm-3.  
 
5.2.2.2 ZnO/Cu2O solar cell 
As reviewed in Chapter 2, several groups have reported simulation or experimental 
results for ZnO/Cu2O solar cell. For various reasons including poor defect control 
technology, less-effective doping mechanisms and large lattice mismatch between ZnO 
and Cu2O, the performances of current ZnO/Cu2O solar cells are still very poor. This 
session will present simulation results on this typical cell under ideal situation. 
The band diagram of a ZnO/Cu2O cell with 500nm ZnO layer at 1x1019cm-3 doping 
concentration and 3000nm Cu2O layer at 1x1016cm-3 doping concentration is shown in 
Fig.5.11. Due to the large difference of electron affinity between ZnO W-layer and 
Cu2O A-layer (-4.50eV and -3.2eV), there is a large conduction band discontinuity, 
~1.3eV at the junction interface, giving the ‘vertical jump’ of EC. Similarly, there is an 
even larger valence band discontinuity, ~ 2.57eV.  
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Figure 5.11 Band diagram of ZnO/Cu2O solar cell. 
 
5.2.2.2.1 Thickness effect 
Fig.5.12a is obtained by maintaining Cu2O (2.1eV) layer with a thickness of 2000nm 
at 1x1018cm-3 doping level and ZnO (3.37eV) at 1x1020cm-3 doping level, while 
varying ZnO W-layer thickness from 500nm to up to 10000nm. It is clear that the ZnO 
W-layer thickness show negligible effects on cell performances. This is similar but 
slightly different from the WA structure TiO2/CuO cell in Fig.5.8a. The similarity 
between the two results can be explained in the same way. The JSC and hence, EFF in 
ZnO/Cu2O solar cell here is unchanged, comparing to the slightly reduced JSC of 
TiO2/CuO solar cell. This can be explained as the energy bandgap of ZnO is larger 
than that of TiO2. The ZnO is set with bandgap of 3.37eV, corresponding to 370nm 
photon wavelength, while TiO2 in section 5.2.2.1 is set with bandgap of 3.0eV, 
corresponding to 414nm photon wavelength. The solar spectrum with shorter 
wavelength than 370nm takes extremely small amount contribution in carrier 
generation, hence the efficiency. As a result, the ZnO layer here absorbs nearly 
negligible photons and the thickness of this layer shows nearly no effect on 
performances. The heavily doped n-type ZnO layer here is purely a window layer and 
emitter, making an ignorable amount contribution to carrier generation. 
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Figure 5.12 Thickness effects of (a) ZnO W-layer and (b) Cu2O A-layer. *Notes: simulation settings see 
the text at the beginning of Section 5.2.2.2.1. 
 
The effect of Cu2O A-layer is shown in Fig.5.12b. In this figure, the ZnO W-layer is 
maintained at 500nm with 1x1020cm-3 doping concentration and the A-layer is set at 
1x1018cm-3 doping level. The trends of device parameters changing with A-layer 
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thickness are similar to those in Fig.5.8b. Again, these are due to the increasing 
absorption of photons with thicker A-layer. Obviously, ZnO/Cu2O solar cell show 
much worse JSC (6~11mA/cm2) but better VOC (1.65~1.75V) than TiO2/CuO (JSC: 
25~30mA/cm2, VOC: 0.61~0.66V) cells. This is due to the larger bandgap of Cu2O 
(2.1eV) than CuO (1.2eV). The wider the energy bandgap, the less photons with 
enough energy can be absorbed, and the worse the JSC. However the wider the 
bandgap, the higher the built-in potential and hence, the VOC are. As a result, 
ZnO/Cu2O solar cell produces a smaller EFF than a TiO2/CuO solar cell.  
5.2.2.2.2 Doping concentration effect 
The doping concentration effects of both the layers are shown in Fig.5.13 (a) and (b). 
According to the figures, the doping concentration of ZnO W-layer shows negligible 
effects on performances, similar to TiO2 W-layer in Fig.5.9a. This again can be 
explained the same as previous in TiO2/CuO cell. Comparing to TiO2/CuO cell in 
Fig.5.9b, the Cu2O A-layer doping concentration in Fig.5.13b shows similar trends in 
JSC and VOC. However, the FF in ZnO/Cu2O is affected significantly by the A-layer 
doping concentration. This is due to the large conduction band offset. This can be 





Figure 5.13 Doping concentration effects of (a) ZnO W-layer and (b) Cu2O A-layer. *Note: simulation 
settings for (a): ZnO 500nm, Cu2O 2000nm with 1x1018cm-3 doping concentration; (b): ZnO 500nm 
with 1x1020cm-3 doping concentration, Cu2O 2000nm. 
 
Fig.5.14 is obtained similarly as Fig.5.13b, except the electron affinity of ZnO W-layer 
is set -3.2eV, the same as Cu2O. Therefore, the conduction band offset values in these 
simulations are 0eV. It is obvious that FF values for all the doping concentrations are 
around 0.9 and only varies slightly up to ~0.92 comparing to Fig.5.13b. This trend is 
similar to TiO2/CuO results. The conduction band offset in n+-p structure, no matter 
what shape it is, the discontinuity acts as a potential barrier to carrier transportation. 
By increasing the A-layer doping concentration, the width of this barrier will be 
shortened exponentially. Although the depletion region is also shortened, the 
conductivity of the device is improved at heavy doping levels. Therefore fill factor FF 
is improved significantly. It can be concluded that the conduction band offset can 
negatively affect fill factor seriously when the A-layer has a low doping level.  
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Figure 5.14 Cu2O A-layer doping concentration effect when conduction band offset ΔEC=0eV. *Note: 
simulation settings for ZnO is 500nm, 1x1020cm-3 doping concentration, and the electron affinity is set 
unrealistically as -3.2eV; while Cu2O is 2000nm, 1x1018cm-3 doping concentration, and the electron 
affinity is set the real measured value as  -3.2eV. 
 
5.2.2.3 Band offset at W/A interface 
Band offset is a common problem in hetero-junction solar cells. The basic model used 
here is the optimised TiO2/CuO WA structure. TiO2 layer is set 80nm, 1x1019cm-3 
doping level, 3.0eV bandgap and -3.9eV electron affinity. While CuO is set 1500nm, 
1x1016cm-3 doping level, 1.2eV bandgap and -4.07eV electron affinity. By varying the 
CuO A-layer electron affinity from -3.2eV to -4.8eV, the conduction band offset is 
varying from 0.7eV to -0.9eV (ΔEC = qχCuO – qχTiO2).  
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Figure 5.15 The band offset effect on the performance. Here qχCuO – qχTiO2 = -0.9eV~+0.7eV is 
assumed. 
 
Fig.5.15 shows the effect of the conduction band offset ΔEC on the performance of 
TiO2/CuO WA solar cell. Fig.5.16 shows the extreme cases of the band structures of 
the cells with different band offsets. It was found that within the range of -0.7~+0.4eV, 
the band offset has nearly no effect on the performance of the solar cell. When ΔEC is 
set beyond that range, FF drops rapidly leading to deterioration of the efficiency, 
though JSC and VOC remain almost unchanged up to ΔEC=-0.8eV. On the other hand, at 
ΔEC < 0, there exists a spiking barrier at the W/A interface which will block electron 
transportation towards the front terminal as shown in Fig.5.16. The results demonstrate 
that when no SRH recombination caused by defects is considered, this barrier causes no 
harm to transportation of free carriers, if it is approximately smaller than 2/3 of the A-
layer bandgap. When the height of the spiking barrier becomes comparable to the EG 
of the A-layer, the minority carriers generated in the A-layer will be stopped from 
flowing to the front terminal, leading to a drastic reduction of the cell performance. 
This corresponds to the sharp decline of JSC shown in Fig.5.15 at ΔEC = -0.9eV. 
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Figure 5.16 Band structures for various conduction band offset, ΔEC, within WA structure. 
Together with the results obtained in section 5.2.2.2.2, it can be concluded that in ideal 
cases, when the conduction band offset is large enough such as ΔEC >2/3 EG of A-
layer, it shows significant negative effects on cell performances and the lower the A-
layer doping level, the more serious is the negative effect.  
 
5.2.2.4 A-layer bandgap optimisation in W/A structure 
As it was clear that the band gap of the A-layer affects JSC and VOC in WA cell 
(comparison between TiO2/CuO and ZnO/Cu2O cells in section 5.2.2.1 and 5.2.2.2), it 
would be useful to further clarify the effects of the A-layer band gap on cell 
performances. The performances as a function of the A-layer bandgap are illustrated in 
Fig.5.17 by varying A-layer bandgap from 1.0eV to 1.7eV. It is obvious found JSC 
decreases as the bandgap increases, while VOC and FF rise monotonically. The larger 
the A-layer bandgap, the less solar spectrum can be absorbed, leading to less carriers 
generated and lower JSC. On the other hand, a cell with a wide A-layer bandgap has a 
large build-in potential and VOC. As a consequence, the optimal bandgap for the A-
layer is around 1.4eV, this match well with the optimised value in ref. [4,5]. With this 
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optimal bandgap value, the possible maximum conversion efficiencies are 19.24% for 
WA-structured cells, higher than 15.76% when 1.2eV A-layer was used.  
 
Figure 5.17 Performances vs. absorber A-layer band-gap in a WA structure. *Note: the simulation 
settings are the optimised TiO2/CuO WA solar cell as shown in Table 5.2.  
 
CuO was assumed to be the absorption layer in the simulation. The reported bandgap 
of CuO synthesized by various techniques is in the range of 1.2~2.6eV [6-8] and can 
be controlled using different synthesis conditions. From the simulation results, it is 
understood that a CuO layer with a bandgap of 1.4eV~1.5eV would be the optimal 
choice for the fabrication of high efficiency MO solar cells.  
5.2.3 WAV solar cell and V-layer BSF effects 
To enhance the VOC and efficiency of the WA structure, a wide-bandgap V-layer is 
then introduced to form the three layer WAV structure. The pristine p-type Cu2O is 
taken as the representative for the simulations though other material systems can also 
be used. The parameters for the W- and A-layers are the same as those used in the two-
layer structure, while the parameters for the V-layer are to be optimized in the 
following sections. According to the optimised results, discussed later, the WAV cell 
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(with 1.2eV A-layer) gives a performance of JSC~31.48mA/cm2, VOC~1.03V, FF~0.82 
and EFF~26.82%. The conversion efficiency increases by more than 70% comparing to 
that of the WA structure cells, mostly owing to the increase of VOC by more than 70%. 
The band diagram is shown in Fig.5.18.  
 
Figure 5.18 Band diagram of WAV solar cell (TiO2/CuO/Cu2O). 
 
5.2.3.1 Thickness effect 
Fig.5.19 (a) and (b) shows the effects of V-layer thickness on the performance of the 
WAV cells when the A-layer is set to be 800nm and 100nm. The V-layer thickness 
shows a negligible positive effects on the performances when the A-layer is set only at 
100nm and absolutely no effect when A-layer is set at 800nm. The slightly positive 
effect seen in Fig.5.19b is because the 100nm A-layer cannot absorb the photons with 
enough energy completely which left some photons for the V-layer to absorb, whereas 
photons with enough energy have been fully absorbed by the 800nm A-layer. 
Therefore, the thicker the V-layer, the slightly better performances are in Fig5.19b, but 
no change in Fig.5.19a. Even in the case of 100nm A-layer, the performances are only 
affected negligibly. This means the light absorption in the V-layer does not contribute 
to carrier generation significantly. The V-layer only contributes to VOC significantly. 
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Figure 5.19 Performances vs. V-layer thickness for two different A-layer thicknesses of (a) 800nm and 
(b) 100nm. *Note: simulation settings for W-layer is the optimised settings as shown in Table 5.2; for 
A-layer are 800nm (a) and 100nm (b) respectively at 1x1016cm-3 doping concentration; for V-layer is 
1x1017cm-3 doping concentration. 
 
5.2.3.2 V-layer BSF effect and mechanisms 
Theoretically, the open circuit voltage and short circuit current for a homo-junction 
solar cell cannot be very high simultaneously. Bandgap grading and back surface field 
(BSF) hetero-structure solar cells have been designed and studied to improve VOC 
without sacrificing JSC significantly [9-15], but mostly limited to homo-junction cells 
using doping modification, with limited effort for BSF using wide gap layers as 
reviewed previously. Since the wide bandgap V-layer in WAV structure is believed to 
have a similar function to that of a heavily doped BSF layer in Si solar cells [13,16] to 
enhance the VOC, and a significant BSF effect is expected for MO hetero-structure PV 
cells owing to the large bandgap offset as summarized in Chapter 2, Table 2.2. 
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Figure 5.20 The CuO (A-layer) thickness effect on the performance of the TiO2/CuO/Cu2O WAV 
structure. *Note: simulation settings for the case is the optimised settings in Table 5.2, expect A-layer 
thickness as a variable. 
 
The function of the V-layer is to block and reflect the minority carriers to increase the 
potential for carrier accumulations (ΦAccum) and to reduce the recombination at the 
back terminal which is strongly affected by the thickness of the A-layer. The effect is 
studied firstly by varying the A-layer thickness in the range from zero to 3000nm. As 
shown in Fig.5.20, VOC is around 1.6V when there is no A-layer, i.e. the W/V single 
hetero-junction structure. Unfortunately the efficiency � is very low due to limited 
absorption of solar spectrum by this two-layered structure. Introduction of the A-layer, 
even with a thickness of only 20nm, leads to a drastic reduction of VOC from 1.6 to 
<1.2V.  The rate for VOC reduction drops as the thickness increases, with VOC 
saturating at ~1V. This shows that the VOC enhancement is caused mainly by the wide-
bandgap-induced increase of ΦAccum to compensate for insufficient carrier generation. 
The results show that a strong VOC enhancement occurs when the V-layer is close to 
the p-n junction as will be discussed later. However, reduction in the A-layer thickness 
leads to a reduction of JSC, hence the efficiency. Introduction of the V-layer improves 
VOC significantly and effectively from ~0.62V to >1V regardless the thickness of the 
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V-layer. It is clear from the figure that a thickness of up to 1500nm for the A-layer is 
sufficient for absorbing most of the solar spectrum. It is worth mentioning that as 
VOC~1.2V approaches EG/q of the A-layer, the theoretical maximum voltage that can 
be obtained from the three-layered structure. The fact that VOC of the WAV cell is 
close to the theoretical value, clearly shows that a WAV structure works better than a 
WA structure because of the wider bandgap of the V-layer with respect to that of the 
A-layer. 
 
Figure 5.21 Effects of V-layer bandgap and hence, ΔEC on WAV cell performances. *Note: simulation 
settings see text. 
 
Further study was made to clarify the effect of the V-layer bandgap and hence, ΔEC at 
A/V interface. The starting model is as followed: TiO2 W-layer is 80nm with 
1x1019cm-3 doping concentration; CuO A-layer is 1500nm with 1x1016cm-3 doping 
concentration and Cu2O V-layer is set 100nm with 1x1017cm-3 doping concentration. 
For simplicity it is assumed, ΔEV≈0 for all the cases, with all the electron affinity 
values of the V-layer modified correspondingly. The results are summarized in 
Fig.5.21. It shows that VOC increases with the bandgap of the V-layer up to EG=1.6eV, 
beyond which it saturates. EG=1.6eV seems to be a critical value, EGC, for the voltage 
enhancement effect corresponding to �EC≈0.4eV between the A-layer and V-layer. For 
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EG<EGC, the increased �EC improves the ability of the V-layer to block and reflect the 
minority carriers; for EG>EGC, however, further increase in �EC is more than the 
possible maximum kinetic energy of minority carriers, so that no further VOC 
enhancement can be seen.  
The doping concentration of the V-layer has a significant effect on the VOC 
enhancement, as it modifies the band bending and barrier height as understood from 
the BSF effect of single crystalline Si-cells [12,16]. The simulated results are shown in 
Fig.5.22. The V-layer doping concentration shows no effect at EG>EGC as the 
conduction bandgap offset, �E>0.4eV, alone is sufficient to have the BSF effect. 
Further increase in barrier height makes no additional contribution. For EG<EGC or 
EG<1.6eV, it is apparent that VOC increases with the doping concentration of the V-
layer. A cell with a 1x1019cm-3 doped V-layer has a VOC approximately 0.2V larger 
than that of a 1x1016cm-3 doped one.  
 
Figure 5.22 VOC v.s. V-layer bandgap for various V-layer doping concentration. 
 
Fig.5.23 (a) and (b) illustrate the band diagram and electric field as a function of 
doping level with EG fixed at 1.4eV for the V-layer. High concentration in the V-layer 
has a much more radical change in the band structure and builds up a steeper edge than 
those with lower doping levels. The steep edge, acting as a ‘cliff’, is effective in 
blocking and reflecting the minority carriers, leading to an increased VOC. The results 
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demonstrate two possible methods to enhance VOC and efficiency in MO-structures: 
introduction of a wide bandgap V-layer and heavy doping for the V-layer.  
 
 
Figure 5.23 Band diagram (a) and electric field (b) near A/V interface when V-layer EG=1.4V (<EGC). 
 
It is interesting to note that the critical EGC value varies as the A-layer thickness 
changes while all other parameters are fixed as shown in Fig.5.24. The EGC value is 
about 1.75eV for a 200nm A-layer, 1.63eV for 500nm, 1.61eV for 1000nm and 1.60eV 
for 1500nm A-layer respectively. The results imply that a wider bandgap V-layer is 
needed for a thinner A-layer cell structure. The reason is as follows: under 
illumination, some of the free electrons generated in the A-layer will diffuse against 
the built-in electric field in the depletion region towards the back terminal. They will 
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experience another built-in electric field as a potential barrier at the A/V layer 
interface. When the p/n junction is close to the V-layer, more free electrons will 
diffuse and reach the A/V layer interface. This indicates that a higher barrier is 
required to block and reflect the carriers thoroughly. A wider bandgap V-layer (high 
EGC) is therefore needed to maximise VOC. 
 
Figure 5.24 VOC v.s. V-layer bandgap for various A-layer thicknesses (same settings as in Fig. 5.23). 
 
 
Figure 5.25 Current components of WA and WAV structures under short circuit condition. 
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Fig.5.25 shows the current components under short circuit condition of WA and WAV 
structure. Both of the structures have similar total current (JSC in this case), and all 
have electron current dominates in n-type W-layer and very front of A-layer, and hole 
current dominates in most of the regions in A-layer. Slight differences in the electron 
current of WA structure (solid blue line) becomes negative (< 0mA/cm2) at a position 
deeper than about 1μm. This means the electron current in this region contributes 
negatively to the overall current. This can be originated to the situation that the 
electrons transport from n-side to p-side towards the back contact, as diffusion current. 
By adding a wide bandgap V-layer on the back of A-layer to form the WAV structure, 
the diffusion electron current towards the back contact will be blocked and reflected to 
contribute significantly to VOC. As shown in the figure, the WAV structure (dashed 
lines) doesn’t show any negative electron current.  
5.2.3.3 A-layer bandgap optimisation in WAV structure 
The study of A-layer bandgap in WAV structure is similar to the one in WA structure 
in section 5.2.2.4. With the optimised starting model of TiO2/CuO/Cu2O 
[(80nm/1x1019cm-3/3.0eV)/(1500nm/1x1016cm-3/EG is variable)/(100nm/1x1017cm-
3/2.1eV)], the bandgap of A-layer is varied in the range of 1.0eV to 1.7eV. The results 
are shown in Fig.5.26. 
 
Figure 5.26 Effects of A-layer bandgap on WAV solar cell performances. *Note: simulation settings are 
the optimised WAV structure settings in Table 5.2, except using A-layer bandgap as a variable. 
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The trend of all parameters v.s. A-layer bandgap in WAV structure is similar to those 
in WA structure in Fig.5.17. Although the overall efficiency of WAV cells are much 
higher than that of WA cells, it is observed that the cell shows the best efficiency when 
the A-layer material poses a bandgap value of 1.4eV, the same as in WAV structure. 
With minor differences the performances of WAV cell decrease significantly if the A-
layer bandgap is increased over 1.4eV. This is due to the improvement in VOC, which 
is slower than the decrease in JSC with the increasing A-layer bandgap. Therefore, the 
overall performances at A-layer EG=1.4eV are JSC~27.65mA/cm2, VOC~1.22V, 
FF~0.84 and EFF~28.57%.  
 
5.3 Summary 
The feasibility of various metal oxide materials for PV solar cell application has been 
studied by numerical simulation. The effect of doping concentration, layer thickness, 
bandgap and band offsets on oxide semiconductor solar cells have been investigated in 
detail and the corresponding mechanisms discussed. It is possible to fabricate PV cells 
with efficiency up to 19%, by the coupling of a wide bandgap oxide with a narrow gap 
oxide. The efficiency of oxide solar cells can be further enhanced using a wide gap 
oxide as a BSF layer. For an ideal case without considering defects and interface 
states, metal oxide semiconductor hetero-structures such as TiO2/CuO/Cu2O could 
show a theoretical efficiency of 28.6%, which demonstrates great potential for 
investment and development.  
According to the simulation, both the WA cell and WAV cell have some advantages 
respectively. A WA cell has low VOC, but it has only one hetero-junction. Therefore it 
is easier to fabricate and to control the interface states in practice. On the other hand, 
the WAV structure has high VOC and efficiency, though an additional layer is needed. 
In practice, an additional interface may introduce more interface states, leading to 
severe deterioration of the performance. The following are suggestions for metal oxide 
semiconductor-based solar cells as a general guidance:  
1) For the window layer, a wide bandgap, n-type material with high concentration is 
desirable because most MO materials suitable and available for the A-layer fabrication 
nowadays are natural p-type materials with low doping concentrations.  
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2) A narrow bandgap material with a low doping concentration can be fabricated a 
good absorption layer to raise carrier generation rate. However, the bandgap should not 
be too narrow as low EG sacrifices VOC significantly. If a BSF V-layer structure is 
used, then material with slightly small EG for A-layer could be selected, as VOC can be 
compensated by the BSF effect.  
3) A wide bandgap material should be selected as the BSF V-layer to enhance VOC and 
efficiency. If the bandgap of the material is not large enough (<EGC), then it can be 
improved by heavily doping in this layer.  
4) The material combination for the W-layer and A-layer should be considered 
carefully. The conduction band offset between the W- and A-layer (p/n junction) will 
form a barrier for the transportation of the minority carriers, leading to deteriorated 
performance. In principle, the affinity difference of the two materials should not be 
greater than 2/3 of the bandgap of the A-layer. In addition, a large band offset of 
material system will require both layer heavily doped hence, reduce depletion region 
and performances significantly. 
From the structure design point of view, the following issues should be considered: 1) 
the W-layer can be fabricated very thin because it is not the main absorption layer and 
it is desirable for it to be heavily doped to offer a wide depletion region in the A-layer; 
2) the thickness of any layer should be thick enough to let the depletion region extend 
completely before reaching metal contacts, in order to make a device with large fill 
factor; 3) the A-layer can be designed thick enough to absorb most of the solar 
spectrum, but not too thick as it will reduce the BSF effect, if applicable; and 4) a 
heavily doped thin V-layer is desirable. 
As shown in Table 2.2 in Chapter 2, it is understood that materials with wide EG 
(>2eV) such as ZnO, ITO, TiO2, GaP and GaN can be selected for the W- and V-layer 
fabrication, while materials with narrow EG (1.0eV~1.5eV) such as CuO, Si and GaAs 
can be used for the A-layer. The electron affinity �e of the W- and A-layer materials 
should be about the same, or at least <2/3EG of the A-layer, which makes ΔEC small 
enough to prevent the introduction of a potential barrier at the A/V interface. For the 
WAV cell, the value of EG + �e of the materials for the A- and V-layers should have 
similar values to minimize the valence band offset. Since the �e of narrow bandgap A-
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layer materials are mostly around 4eV,  the materials suitable for the W-layer should 
also have �e around 4eV; because the (�e+EG) for A-layer materials are about 
5.2~5.7eV, the materials suitable for V-layer fabrication should also have (�e+EG) 
about 5.2~5.7eV. For example, ZnO, TiO2 – CuO, Si, GaAs might be the candidate 
materials for WA cells, while ZnO, TiO2 – CuO, Si – Cu2O, AlP, and ZnO, TiO2 –
GaAs – GaP for WAV cells. 
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Chapter 6 Metal Oxide Hetero-junction Solar 




The researches in the last chapter show that metal oxide semiconductors have great 
potential for the application in MO hetero-junction solar cells. The theoretical 
conversion efficiency of a TiO2/CuO thin film solar cell in a Window/Absorber (WA) 
structure can reach 15.76%, with JSC~30.97mA/cm2, VOC~0.62V and FF~0.82. If 
adding a right wide bandgap Cu2O voltage-enhancing layer (V-layer) on the back of 
the CuO absorber, the performance can be further improved significantly to 
EFF~26.82%, with JSC~31.48mA/cm2, VOC~1.03V and FF~0.82 All of these results are 
approaching the limit of single-junction solar cells, as reviewed in Chapter 2. 
However, all the results in Chapter 5 were obtained by assuming the devices are free of 
defects in the materials and interface states (ISt) between the material layers. 
Practically, solar cell performances are usually very different from the theoretical 
predictions due to the existence of impurities, defects and interface states. These are 
supposed to be the most serious problems for hetero-junction solar cells. Defects, such 
as oxygen vacancies, introduce deep energy level recombination centres, causing 
Shockley-Read-Hall recombination, rather than doping sites to provide free carriers. 
For most of the MO semiconductors, the natural n/p-type characteristics and the mere 
poor conductivity are determined by their oxygen or metal vacancies or interstitials 
which also act as recombination centres. Therefore, natural MO materials, if fabricated 
into solar cells directly, may have very low doping concentration and very high defect 
densities hence, poor performances. Additionally, massive ISt generated by the large 
lattice mismatch between two different materials in hetero-structures will also cause 
serious problems like recombination and tunnelling. This is one of the biggest 
problems which may never be avoided and solved in hetero-junction solar cells. To 
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study the feasibility of MO hetero-junction solar cells with more realistic view, devices 
should be simulated with considering the effects from defects and interface states. This 
chapter will present the simulation study on MO solar cells with defects and interface 
states. The focus will be on the effects of defects and ISt in all structures of the solar 
cell. The starting models used are those optimised TiO2/CuO WA solar cell and 
TiO2/CuO/Cu2O WAV solar cell obtained in Chapter 5. 
AFORS-HET software was used for this chapter as it can model the defects and 
especially the interface states, whereas AMPS-1D only treats the interface states as 
defects in an extremely thin layer at the interface, which does not represent the true 
case. As was stated in Chapter 3, the two pieces of software show slightly different 
results, mostly due to the difference in illumination settings. This chapter will, 
therefore, firstly present a brief comparison of ideal cell performances simulated by 
two pieces of software. Then detailed study on effect of defects and ISt on TiO2/CuO 
and TiO2/CuO/Cu2O cells will be presented and compared with the ideal results in 
Chapter 5. Finally, the feasibility of MO solar cells will be further discussed. 
 
6.1 Simulation Settings 
The starting models are the optimised ideal WA and WAV structures obtained in the 
last chapter. TiO2/CuO and TiO2/CuO/Cu2O solar cells are used as the representatives 
for the WA and WAV structures respectively. Table 6.1 summarizes the physical 
parameter settings of each material in ideal WA and WAV solar cell starting models. 
The front contact and back contact are both set with ‘a flatband’, which represents an 
ideal Ohmic contact without back surface field introduced by high doping 
concentration at the back surface. 
In addition to the ideal starting models, defects and interface states are also introduced. 
The defects settings in this chapter will possess the following properties:  
(1) Defects have donor-like or acceptor-like characteristics. These will be studied 
in detail.  
(2) Defects concentrations have the unit of cm-3.  
(3) Defects have the energy level unit of eV.  
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(4) All defects are assumed to have a Gaussian distribution with ‘sigma=0.15’, and 
to possess a maximum concentration at the position of ‘defect energy levels’. 
(5) Capture cross-section are the effective area that an electron or hole will 
definitely be captured and recombined when they transport near the defect. For 
simplicity and to be realistic, all the acceptor-like defects are set with cn=1x10-
15cm-2 and cp=1x10-14cm-2, and all the donor-like defects are set with cn=1x10-
14cm-2 and cp=1x10-15cm-2 respectively. (cn and cp are electron capture cross-
section and hole capture cross-section, respectively). 
Table 6.1 Simulation settings for each material (ideal starting model). 
*Note: Absorption coefficient (cm-1) is not a fixed value but varies with wave length. The table shows a 
range estimated from the ‘n-k files’ of each material through equation � � ���� . 
 
The numerical models of interface states used in AFORS-HET are ‘Thermionic 
Emission’, which is the carrier transportation across the hetero-junction following the 
thermionic emission over the energy barrier at the interface. In this model, additional 
interface states density can be defined, in the unit of ‘cm-2’. These interface states have 
similar properties, in term of energy level, capture cross-section etc, as ‘defects’ in 
bulk semiconductor layers. Therefore, similarly to defects, interface states also need to 
be set to have 
 W (n+) A (p) V (WAV) (p) 
Thickness (nm) 100 1500 100 
Acceptor concentration (cm-3) 0 1.0x1016 1.0x1017 
Donor concentration (cm-3) 1.0x1019 0 0 
Band gap (eV) 3.0 1.2 2.1 
Electron affinity (eV) 3.9 4.07 3.2 
Relative permittivity 86 18.1 9 
Hole mobility (cm2/V-s) 20 10 40 
Electron mobility (cm2/V-s) 10 0.1 20 
Hole thermal velocity (cm/s) 2.99x106 4.16x106 1.53x107 
Electron thermal velocity (cm/s) 6.72x106 1.1x107 8.55x107 
Effective density of states in 
conduction band (cm-3) 1.32x1020 3.0x1019 2.02x1018 
Effective density of states in valance 
band (cm-3) 








(1) Donor-like or acceptor-like characteristics. 
(2) Interface states density, in the unit of (cm-2), will be studied in detail. 
(3) Interface states energy levels (eV), will be studied in detail. 
(4) Interface states distribution. All interface states in this study are assumed 
following Gaussian distribution, with ‘sigma=0.05’ and maximum 
concentration at ‘interface states energy levels’.  
(5) Capture cross-section: For acceptor-like interface states, cn=1x10-13cm-2 and 
cp=1x10-13cm-2. For donor-like interfaces states, cn=1x10-13cm-2 and cp=1x10-
13cm-2. 
 
6.2 Results and Discussions 
The results in this chapter cover two solar cell structures with many other issues. These 
are presented in the following four parts: 
(1) In the TiO2/CuO WA solar cell, in order to find out the effect of defects, only 
one layer is assumed to contain one type of defects each time. Various negative 
effects will be studied in terms of defect characteristics of ‘acceptor-type or 
donor-like’, defect concentrations and defect energy levels, etc. 
(2) In the TiO2/CuO/Cu2O WAV solar cell, various defect issues related to V-layer 
and the whole device will be studied. 
(3) Interface states problems: the interface states properties at W/A interface of a 
WA cell and interface states properties at A/V interface and WAV solar cells 
will be studied in detail. 
(4) Realistic simulation of both the WA and WAV solar cells will be conducted. 
To be realistic, both defects and interface states will be set properly in all 
semiconductor layers and at hetero-junction interfaces. Based on these realistic 
simulations, some fabrication requirements and feasibility of MO solar cells 
will be discussed. 
For comparison, the ideal TiO2/CuO WA solar cell and TiO2/CuO/Cu2O WAV solar 
cell optimised through AMPS-1D in Chapter 5 are firstly simulated by using AFORS-
HET. The settings for both the WA and WAV cells are the same as those summarized 
in Table 6.1. The AFORS-HEP results of the TiO2/CuO WA solar cell are: 
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VOC~0.62V, JSC~26.10mA/cm2, FF~0.83 and EFF~13.37%. Similarly, the 
TiO2/CuO/Cu2O WAV solar cell demonstrates VOC~1.08V, JSC~26.58mA/cm2, 
FF~0.82 and EFF~23.36%. All these results match well with those obtained in the last 
chapter with AMPS-1D software except JSC. The AFORS-HET modelled JSC are about 
10%~15% smaller than the AMPS-1D calculated ones due to the illumination intensity 
differences used. Nevertheless, as expected, the WAV structure does show a 
significant VOC improvement over 74% comparing to the WA structure. Therefore the 
results obtained by using AFORS-HET in this chapter are reasonably comparable to 
those obtained by using AMPS-1D in all other chapters, with an approximately 15% 
difference in JSC.  
6.2.1 TiO2/CuO structure defect problems 
6.2.1.1 Defects in TiO2 W-layer 
The n-type TiO2 W-layer is set with donor-like defects first, with the density ranging 
from 1x1014cm-3 to 1x1018cm-3. The defect energy level is set to be 0.56eV above the 
valence band edge EV. The performances are shown in Fig.6.1. It is apparent that the 
donor-like defects show a negligible effect on the cell performances. In order to clarify 
the effect of defects with different energy levels, defect concentration is then fixed at 
1x1017cm-3 with energy level varying at 1.06eV, 1.56eV, 2.06eV and 2.56eV above 
EV, respectively. The results show donor-like defects with different concentrations and 
energy levels have no effect on the performance of the solar cells. The type of the 
defects is then changed to be acceptor-like, and their effects are investigated. The 
performances are still found not being affected, and maintain the same values as those 
of an ideal solar cell. Therefore, the overall phenomenon is that the defects in the 
heavily doped window layer do not have obvious effect on the performance of the 
cells. This can be explained as followed: nearly no solar spectrum can be absorbed by 
the W-layer due to the wide bandgap. This layer is used only for providing the n-type 
characteristic and conducting path. The heavy doping concentration has already turned 
the W-layer into a metallic-like material and nearly no depletion region exists. 
Therefore, the defects have nearly no effect on the performances. 
It is worthy to notice if the acceptor-like (p-type) defect concentration is very high, 
comparable to the concentration of n-type concentration, then the n-type characteristic 
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of the W-layer will be compensated, the band shift against Fermi energy level will be 
affected. The cell performances will therefore be seriously affected. Fig.6.2 (a) and (b) 
shows the band diagram of the WA cell with 1x1018cm-3 and 1.1x1019cm-3 acceptor-
like defect settings. Obviously, when the acceptor-like defect concentration 
(1.1x1019cm-3) is greater than the donor concentration (1x1019cm-3) in the W-layer, the 
conductivity type is changed from n- to p-type, resulting in a band diagram change 
from Fig.6.2a to Fig.6.2b.  
However, this band shifting compensation effect is caused by the inappropriate models 
of simulation softwares. Theoretically, the Gaussian defects with an energy level of 
0.56eV are deep level defects. The carriers on these energy levels need 6486K 
(T=0.56*q/k) to be activated thermally which is highly unlikely. Therefore, these 
defects cannot affect the band shifting in the semiconductor. These defects can be 
centres for recombination and generation, but cannot be ionized centres which affect 
the band structures. As a consequence, limited amount of simulation results in this 
thesis are inaccurate when band shifting compensation effect is significant.  
 




Figure 6.2 Band diagrams of WA cell with (a) 1x1018cm-3 acceptor-like defects and (b) 1.1x1019cm-3 
acceptor-like defects in the n-type W-layer (doping concentration =1x1019cm-3). 
6.2.1.2 Defects in CuO A-layer 
In this section, the defects in the narrow bandgap A-layer are studied in terms of defect 
concentration and defect energy levels, and their effects on solar cells are conducted.  
6.2.1.2.1 Defect concentration 
Fig.6.3 (a) and (b) show the effects of acceptor-like defect and donor-like defect 
concentrations on the cell performances. The defects have an energy level of 0.56eV 
above EV, and a concentration from 1x1014cm-3 to 1x1018cm-3. In order to explain the 
mechanism of the effects, the 1500nm CuO A-layer is divided into two layers of 
750nm for each layer, in which they have acceptor-like and donor-like defects at 
0.56eV above EV. The results are also shown in Fig.6.3. 
125 
 
Figure 6.3 Performances vs. acceptor-like defects (a) and donor-like defects (b) in CuO A-layer 
concentration. *Note: simulation settings for ideal starting model of TiO2/CuO see Table 6.1. Defects 
settings see text.   
 
According to Fig.6.3a, the trend of performance decreasing with increased acceptor-
like defect concentration in the whole layer (black squares) saturates when it is lower 
than 1x1015cm-3, which reduces significantly and steadily thereafter. At low defect 
concentrations (101~102 lower than acceptor concentration), the performances of the 
cell are not seriously affected compared to the ideal WA solar cell. At high defect 
concentrations which are comparable to, or higher than, the acceptor doping 
concentration, the performances are significantly diminished owing to the Shockley-
Reed-Hall (SRH) recombination introduced by these defects. In addition, the defects in 
the front half-layer (red hollow triangles) show nearly the same effects as defects in the 
whole layer, while defects in the back half-layer (blue hollow diamonds) show very 
limited effects. The only difference between the front-part and the rear-part of the A-
layer is the built-in electric field distribution. Therefore, a general principal can be 
summarized that the defects in depletion region are the most effective recombination 
centres. In the depletion region, the generation rate is extremely high, hence, the free 
carrier concentration is high. The population of these free carriers is proportional to 
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recombination rate. Therefore the recombination rate in the depletion region is, 
according to Eq. (3.2.2.b), also extremely high.  
Fig.6.3b shows the effect of donor-like defects on the performance. It is clear that the 
donor-like defects have significant negative effects on all cell performance parameters, 
when its concentration is comparable to the acceptor concentration (1x1016cm-3) of the 
p-type layer. The reason is the defects induce severe SRH recombination which 
eliminates most of the free carriers generated, and also the defects compensate the p-
type charges in the A-layer. The band diagrams are shown in Fig.6.4. Similar as 
discussed previously in section 6.2.1.1, this compensation effect produced by 
simulation software should not exist in theory and practice.  
 
Figure 6.4 Band diagram of WA solar cell with donor-like defect concentration of (a) 1x1014cm-3 and (b) 
1x1017cm-3 in the p-type A-layer (acceptor doping concentration is 1x1016cm-3). 
 
Further study is conducted by fixed the defect concentration while varying the doping 
concentration in the A-layer. They are acceptor-like defects with Gaussian distribution 
of a constant concentration (5x1015cm-3) and a fixed energy level of 0.56eV above EV.  
Fig.6.5 shows the results for cells with and without defects. It is easy to see that the 
higher the doping concentration, the better the performances of cells with constant 
defects. When the doping concentration reaches about 1x1017cm-3, about 101~102 
higher than the defect concentration, the performance does not deteriorate significantly 
and approaches the ideal case. If the defect concentration is comparable to, or higher 
than the doping concentration, solar cell performance will be seriously reduced. This is 
because the number of carriers generated is approximately the same as the number of 
effective doping sites. If the number of recombination centres is equal to or higher than 
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the number of effective doping sites, then the majority of the free carries are 
recombined, leaving no free carriers to conduct, hence poor performance. 
 
Figure 6.5 Solar cell performances vs. CuO A-layer doping concentration, when A-layer is set constant 
acceptor-like defect at 5x1015cm-3 (black squares) and when A-layer is set free of defects (red triangles). 
 
In summary, the defects in the A-layer will cause serious negative effects due to the 
SRH recombination. The higher the defect concentration, the higher rate of 
recombination process is. If the doping concentration is not significantly (101~102) 
higher than the defect concentration, the performance of the solar cells will deteriorate 
severely. 
 
6.2.1.2.2 Defect energy level 
In the following section, the effect of the defect energy level will be investigated in 
details. For simplicity, the defects are set to have a Gaussian distribution and the 
concentration is fixed at 5x1015cm-3 as it was concluded from the previous study that 
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defect concentration higher than this may have severe effect on the performance of 
solar cells. The results are summarized in Fig.6.6. 
 
Figure 6.6 Solar cell performances vs. the energy level (above EV) of defects in p-type A-layer with 
1x1016cm-3 acceptor concentration. (Defects are set acceptor-like, Gaussian distribution and 5x1015cm-3 
concentration). 
 
It is obvious that the defects located in the middle of the energy bandgap 
(0.4eV~0.8eV above EV within 1.2eV bandgap) have the most serious effect on all 
device parameters. According to Eq. (3.3.2.j) in Chapter 3, when the energy level of 
the defects (recombination centres) approaches the middle of the bandgap, the indirect-
recombination rate increases and becomes the maximum. Therefore, these types of 
defects are most detrimental.  
6.2.1.2.3 Doping caused by defects, the Defect doping 
For metal oxide semiconductors, the conductivity types and concentrations can be 
controlled by oxygen and metal vacancies or interstitials. These defects are believed to 
have a much more significant recombination effect than that of shallow level donors 
and acceptors, for example boron in pure silicon. To model this, the A-layer is set to be 
intrinsic with acceptor-like defects as the dopants. Fig.6.7 shows the cell performances 
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vs. the defect concentration. The two curves in each section of the figure are obtained 
by setting the defects with different capture cross-sections for electrons and holes. The 
black squares are defects with large cp and small cn, while the red triangles are defects 
with large cn and small cp. At low concentrations <1x1013cm-3, the defects show 
negligible effect on cell performance, in agreement with the previous results. At high 
defect concentrations, the solar cell performance is tremendously deteriorated with all 
JSC, VOC and FF severely decreased. The mere improvement in FF at high defect 
concentration is caused by the increasing of acceptor concentration which results in a 
better conductivity. Therefore, the natural doping mechanism caused by oxygen or 
metal vacancies should be avoided. A proper doping mechanism to introduce shallow 
energy level dopants is necessary for MO solar cells.  
 
Figure 6.7 Performances vs. acceptor-like defects-induced p-type A-layer doping concentration. *Note: 
ideal starting model cell is set as Table 6.1, except acceptor concentration is set as 0. 
 
6.2.2 TiO2/CuO/Cu2O structure defect problems 
In the TiO2/CuO/Cu2O WAV solar cell structure, the effect of the defects in the V-
layer is also investigated. Firstly, the defect concentration in the Cu2O V-layer is 
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studied. Assume the W-layer and A-layer are free of defects, and the V-layer has 
Gaussian distribution defects with energy level of 0.56eV above EV. The cell 
performance is studied by varying the concentration of the defects from 1x1014cm-3 to 
1x1018cm-3. It was found that the performance does not change visibly on varying the 
defect concentration as shown in Fig.6.8, and are similar to the ideal case with 
VOC~1.08V, JSC~26.58mA/cm2, FF~0.82 and EFF~23.36%. Similarly, by varying the 
defect energy level to 1.05eV and 1.60eV above EV, the solar cell performance are also 
not affected. The reason for this can be understood from the function and mechanism 
of the wide bandgap V-layer. The V-layer introduces a conduction band offset with the 
A-layer which acts as a barrier to block and reflect electrons. As studied in Chapter 5, 
the WAV solar cell has hole dominant conduction in most of the regions below the 
W/A interface. In the ideal depletion region, the electrons and holes have already 
safely separated and transported to the front electrode and the A/V interfaces, 
respectively. When connecting the solar cell into a circuit, the electrons which have 
been transported from the front electrode and through the outer circuit will come back 
to the cell in the back contact and recombine in the V-layer. Therefore, the 
recombination centres in the V-layer do not have a chance to affect the transportation 
of free carriers inside or outside the solar cell. As a result, the solar cell performances 
are not affected by the defects in V-layer. 
 
Figure 6.8 Effects of acceptor-like defect concentration in the V-layer. *Note: only one type of defects 
are introduced to the ideal starting model of TiO2/CuO/Cu2O, see Table 6.1. 
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According to the BSF theory, the mechanism of BSF is to block and reflect the 
diffusion minority carriers. It is therefore worthy to study the cases when there are not 
as many diffusion carriers as in the ideal cases, such as when there is a large amount of 
recombination centres to capture the diffusion carriers on their way to the BSF. The 
starting model is the ideal TiO2/CuO/Cu2O WAV solar cell. A group of acceptor-like 
defects in Gaussian distribution with an energy level of 0.56eV above EV is set. By 
varying the defect concentrations from 1x1010cm-3 to 1x1018cm-3, the solar cell 
performances are shown in Fig.6.9 with red triangles. For comparison purpose, the A-
layer defect concentration effects in WA structure are also simulated with results 
shown in Fig.6.9 for comparison.  
 
Figure 6.9 Solar cell performances vs. A-layer acceptor-like defect density for WA and WAV structure. 
*Note: simulation settings for the ideal WA and WAV structure see Table 6.1. 
 
At very low defect density, the solar cell performance is similar to that of the ideal 
case, i.e. the defects have no visible effect on the performance. As the defect 
concentration is increased up to 5x1013cm-3, the WA cell performance is hardly 
affected, while the VOC of WAV cell  decreases steadily from 1.08V to 0.67V, 
resulting in a continuous reduction in EFF. When the defect concentration is further 
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increased, the performances of both the cells decrease and eventually become the 
same. The results indicate that the defects in A-layer, even in very low concentration, 
will compensate the free carriers, hence no BSF effect can be seen. At high defect 
concentrations, the BSF V-layer will be disabled and there is no difference between 
WA and WAV structures. Therefore, the lower the defect concentration in the 
depletion region, the more diffusion electrons can survive before reaching the V-layer. 
As a result, the VOC contribution from BSF effect will only be significant when very 
few defects exist in the depletion region. 
Practically, it is extremely difficult to achieve a pure material with defect concentration 
as low as 1x1014cm-3, especially for the MO semiconductors, meaning the A-layer 
always has a relatively high defect concentration. As indicated in Fig.6.9, for such cells 
a BSF layer on the back does not have a visible effect on the cell performance, 
therefore may not be necessary to consider the BSF layer for the solar cells.  
6.2.3 Interface states problems 
In this section, the interface states (ISt) at W/A interface in WA structure and A/V 
interface in WAV structure will be studied in terms of ISt density and ISt energy 
levels. The capture cross-sections of ISt to electron and holes are assumed to be 1e10-
13cm2 if not specifically stated.  
6.2.3.1 TiO2/CuO WA structure ISt 
The starting model is an ideal TiO2/CuO WA solar cell. It is assumed the W/A 
interface has Gaussian distributed acceptor-like interface states with various energy 
levels (EISt) above EV of the W-layer [equivalent to (EISt-1.58eV) above EV of A-







Fig.6.10 JSC, VOC, FF and EFF vs. density of acceptor-like ISt at W/A interface on WA solar cell 
performances. (The energy level of ISt are written as EIST above EV of TiO2 W-layer, equivalent to EIST-
1.58eV above EV of CuO A-layer). *Note: ISt is introduced to the ideal model, simulation settings of 
which see Table 6.1. 
The solar cell performances decrease sharply to nearly zero when the ISt density is 
high enough. This is especially true for JSC, which decreases to negligible values at 
high ISt densities. For VOC and FF, although not decreased to zero, the sharp 
reductions are also observable. The improvements in VOC and FF for some of the ISt 
energy levels are due to the extreme twisting of device band structures which is a result 
of interference by high density of ISt. It is obvious that the ISt has the central energy 
near the middle of the forbidden gap (1.5eV above EV) has the most severe effect on 
the performances. With the central energy level moves away from the middle gap, the 
interface states have less effect on the performance. This conclusion is coincidence 
with those shown in Fig.6.6, that the defects in the middle of the forbidden gap induces 
the most serious SRH recombination.  
Additionally, the minimum density of ISt (2.3eV above W-layer EV) affecting the 
performance significantly is approximately 2x1013cm-2, much higher than those 
obtained theoretically and experimentally as discussed in Chapter 2. In order to clarify 
this, a further study is designed as follows: Assuming the W-layer has the doping 
concentration of 1x1016cm-3, 1x1017cm-3, 1x1018cm-3 and 1x1019cm-3, the performance 
is studied by varying the density of ISt (2.3eV above W-layer EV) from 1x1011cm-2 to 
1x1014cm-2. The results are summarized in Fig.6.11.  
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Figure 6.11 Performances of solar cells with different W-layer doping concentration, vs. interface states 
density. 
 
Obviously, for the devices with a high W-layer donor concentration 1x1019cm-3, the ISt 
starts to affect the performance significantly at the density of about 5x1014cm-2. While, 
for the devices with a low W-layer donor concentration 1x1016cm-3 (purple hollow 
squares), the performance is significantly affected by ISt at a much lower density of 
1x1012cm-2.  
As shown in Chapter 5, the performances of ideal solar cells are not affected 
significantly by W-layer doping concentration. Whereas for the non-ideal cells as 
shown in Fig.6.11d, ISt has much less effects on cells with high donor concentration, 
e.g. 1x1019cm-3, than those with low donor concentration devices. Therefore, by 
increasing the doping concentration difference between W-layer and A-layer, the 
negative effects of ISt can be minimized. The phenomena can be explained as follows: 
when the doping concentration difference between W-layer and A-layer is small, the 
ISt energy level will stay at the middle region of forbidden band of both n-layer and p-
layer. Therefore, the ISt can cause significant SRH recombination to both electrons 
and holes from both n-layer and p-layer. When the doping concentration difference is 
increased, forming a one-sided abrupt junction, the ISt will trap one type of the carriers 
very effectively but much less effective for the other type carriers. Therefore, a one-
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sided abrupt junction solar cell, even with a high ISt density may not perform badly 
than a double-sided abrupt junction solar cell. This will be further verified in the 
following sections. 
6.2.3.2 TiO2/CuO/Cu2O WAV structure ISt 
In this section, the ISt at A/V interface of WAV structure will be investigated. The 
starting model is the optimised ideal WAV solar cell: [TiO2 W-layer: (100nm 
thickness, 1x1019cm-3 donor concentration, 3.0eV bandgap), CuO A-layer: (1500nm 
thickness, 1x1016cm-3 acceptor concentration, 1.2eV bandgap), Cu2O V-layer: (100nm 
thickness, 1x1016~1x1019cm-3 acceptor concentration, 2.1eV bandgap)]. According to 
previous study, it is understood that the ISt with central energy level near the middle 
forbidden gap cause the most serious performance deterioration. Similarly it is 
assumed at the A/V interface there are ISt with central energy level at 0.8eV above EV 
for this study. The acceptor concentration of the V-layer is fixed at 1x1016cm-3 and 
1x1019cm-3 with the density of the ISt varied. The results are summarized in Fig.6.12. 
For comparison, the I-V curves of ideal WAV solar cells with the same V-layer doping 
are shown in Fig.6.13. 
For the ideal case, the performances of solar cells with both 1x1016cm-3 and 1x1019cm-3 
doped V-layers are the same. The interface states have pronounced effects on the cell 
performance even at extremely low density of 1x105cm-2 ~ 1x108cm-2 (Fig.6.12); the 
corresponding VOC is reduced from 1.08 to 0.71V, and EFF from 23.43% to 15.77% for 
the cell with 1x1016cm-3 acceptors in V-layer. When the ISt density increases up to 
1x1011cm-2, the VOC and EFF decrease further to 0.58V and 11.79% respectively, but 
maintain steady at higher ISt densities. It is worthy to notice that this performance is 
even worse than the ideal WA solar cell performance of VOC~0.62V and EFF~13.37%. 
This means if the ISt density at A/V interface cannot be controlled to a very low level, 
the additional V-layer would deteriorate rather than enhance solar cell performances.  
When the V-layer has a high acceptor concentration (1x1019cm-3), the solar cells 
perform better than that with a low concentration (1x1016cm-3). By increasing the 
doping difference between the A-layer and V-layer, the recombination process is only 
effective to one type of the carriers. Therefore, the interface state effect is suppressed. 
This result agrees with those obtained from Fig.6.11 in section 6.2.3.1.  
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Figure 6.12 A/V interface ISt density effects at different V-layer doping concentration: 1x1016cm-3 
(black hollow square) and 1x1019cm-3 (red cross). *Note: simulation settings see Table 6.1. 
 
Figure 6.13 I-V curves of ideal WAV cells when V-layer is doped at 1x1016cm-3 (black hollow square) 
and 1x1019cm-3 (red cross) [the two curves overlaps]. *Note: simulation settings same as Figure 6.12. 
 
The capture cross-sections to electrons (cn) and holes (cp) of these ISt are varied to 
further clarify the interface state effect. The default cn and cp are all 1x10-13cm-2, which 
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means the ISt capture electrons and holes with the same probability. If the following 
settings are made cn=1x10-16cm-2 and cp=1x10-13cm-2, the ISt will almost capture holes 
only, and vice versa. The I-V curves for solar cells with different-carrier-capturing-




Figure 6.14 I-V curves of solar cells with different V-layer doping concentration: (a) 1x1016cm-3 and (b) 
1x1019cm-3 when the ISt are able to effectively capture ‘both electrons and holes’ (black hollow 
squares), ‘electrons-only’ (red cross) and ‘holes-only’ (blue hollow triangles). 
 
In Fig.6.14a, the cell with ‘electron & hole’-capturing ISt show the worst VOC~0.60V, 
while cells with the electron-only-capturing ISt and hole-only-capturing ISt show 
higher VOC of 0.70V and 0.77V. This means when the A-layer and V-layer both have 
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acceptor concentration of 1x1016cm-3, electrons are recombined most effectively. 
Differently, in Fig.6.14b, cells with ‘electron & hole’-capturing ISt and electron-only-
capturing ISt show nearly the same VOC~0.72V, while the cell with hole-only-
capturing ISt performs much better with a VOC~0.89V. This implies, when the V-layer 
is doped much higher than the A-layer, the ISt at the A/V interface can only capture 
electrons effectively and only a very limited amount of holes can be caught.  
In a summary, the ISt at both the W/A interface and A/V interface of the WA and 
WAV structures show significant negative effects to solar cells at a very low density. 
The ISt located at the middle of forbidden band are the most detrimental recombination 
centres. In the WA structure, if the ISt density is too high, the solar cell performances 
will decrease monotone to negligible values. While in the WAV structure, if the ISt 
density at the A/V interface can suppress the BSF effect even at a low density of 
1x1010cm-2. However by increasing the doping concentration differences between 
layers, the interface state effects on solar cell performances can be minimized.  
 
6.2.4 Realistic simulations and fabrication requirements discussions 
In order to clarify the mechanisms and effects of defects and interface states, only 
defects or ISt at one layer or at one interface were considered in the above modelling. 
Both defects and ISt co-exist in a device in reality, especially for MO hetero-junction 
solar cells. The following paragraphs will give a more realistic estimation for the 
performances of MO hetero-junction solar cells. MO semiconductors contain lots of 
oxygen or metal atom vacancies. These defects will deteriorate the solar cell 
performance significantly, especially when they are in the absorption layer. Based on 
the current technology for silicon [1,2], it is reasonable to assume that MO 
semiconductors may have defect densities in the range of 1x1014cm-3 ~ 1x1015cm-3 at 
the best in the future and 1x1016cm-3 as normal. The high interface states density can 
be estimated grossly from lattice mismatch and lattice constants of semiconductors at 
the interfaces. The lattice mismatch for TiO2 (anatase) and CuO is about 14.7% at the 
minimum, and the corresponding ISt is estimated at the level of 1013cm-2. This is much 
higher than those of a commercial CdS/CdTe hetero-junction structure, ~1x1011cm-2 
[3,4].  The ISt may be reduced by special passivation processes. Therefore, it is 
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reasonable to assume a slightly higher ISt density of 5x1011cm-2~5x1012cm-2 for MO 
hetero-junction WA and WAV solar cells.  
Based on these assumptions, the example TiO2/CuO WA solar cell has been modelled 
with defect parameters summarized in Table 6.1, Table 6.2 and Table 6.3. For the first 
case of Table 6.1, a performance of VOC~0.56V, JSC~23.40mA/cm2, FF~0.72 and 
EFF~9.43% is achieved. By increasing the acceptor concentration near the back surface 
of the CuO A-layer, the BSF effect can improve the performance to VOC~0.59V, 
JSC~24.60mA/cm2, FF~0.71 and EFF~10.12%. For the TiO2/CuO/Cu2O WAV solar 
cell, the realistic performances are predicted as: VOC~0.58V, JSC~24.47mA/cm2, 
FF~0.71 and EFF~10.02% (V-layer doping concentration is set 1x1019cm-3 rather than 
1x1017cm-3 as shown in Table 6.1).  
The device parameters shown in Table 6.1, 6.2 and 6.3 are the best achievable ones in 
the near future. If any of these parameters is not controlled well, then the performances 
of the MO solar cells will be deteriorated significantly. Nevertheless it shows that the 
MO solar cells have a good potential for photovoltaic devices in the future, as the 
efficiency of MO solar cells are compatible to the currently most economic CdS/CdTe 
solar cells, which on the other hand, faces a big problem of material exhaustion in the 
near future. However, before any practical applications of MO solar cells, a large 
amount of technical problems need to be solved. For enhancement purposes, the BSF 
V-layer is not very useful economically because it requires ultimate good control of the 
A-layer defect concentration and A/V interface ISt density; both of which are not 
likely, in the near future either technically or economically.  
Table 6.2 Simulation settings for defects. 
 
 
Table 6.3 Simulation settings for interface states. 
 W (n+) A (p) V (WAV) (p+) 
Defects type Donor Acceptor Acceptor 
Concentration (cm-3) 1x1015 1x1015 1x1015 
Electron capture cross-section (cm2) 1x10-14 1x10-15 1x10-15 
Hole capture cross-section (cm2) 1x10-15 1x10-14 1x10-14 
Defect energy level above EV (eV) 1.5 0.6 0.8 




This chapter investigated the more realistic situation of metal-oxide solar cells with 
considering the effects of defects and interface states. The defects are found most 
detrimental to performances when they locate in the depletion region of the cell and 
posses energy levels in the middle of forbidden band. Additionally, the defect 
concentration needs to be controlled as low as possible, at least 101~102 times lower 
than the effective doping concentration. If the A-layer defect concentration cannot be 
controlled at an extremely low level of about 1013cm-3, the BSF V-layer will have a 
very limited effect in VOC enhancement, hence the efficiency. It is also found that 
proper doping mechanisms of metal oxide semiconductors need to be developed rather 
than using the self-doping through oxygen/metal vacancies/interstitials. Based on the 
study, the defects in the heavily doped W-layer and V-layer show negligible effects on 
the cell performances only if they do not change the p/n type of the conductivity of the 
layers.  
The interface states at all the interfaces of solar cells are proved to be detrimental to 
the cell performances, especially those with energy level in the middle of the forbidden 
band. Unfortunately, the V-layer which is very useful to enhance VOC in ideal solar 
cells would have no effect, even the A/V interface has an unrealistic low density of the 
interface states. As a method to improve solar cell performances, the doping 
concentration of each layer in the solar cells can be made significantly different from 
each other, forming an one-sided abrupt junction. Alternatively, the WA and WAV 
structures can be made into n+-p and n+-p-p+ structures to suppress the interface state 
effects though the n-p or n+-p-p structures show no differences in ideal cases. 
MO hetero-junction solar cells do have great potential for PV application. However, a 
large amount of theoretical and experimental work needs to be undertaken before this 
ISt type Acceptor Acceptor 
Density (cm-2) 1x1012 1x1012 
Electron capture cross-section (cm2) 1x10-13 1x10-13 
Hole capture cross-section (cm2) 1x10-13 1x10-13 
Defect energy level above EV of A-layer (eV) 0.72 0.8 
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becomes a reality. Owing to the sustainability of material supplies and comparable 
performances to the commercial CdS/CdTe solar cells, metal oxide semiconductors 
would be worthy to be developed in the future. 
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In Chapters 5 and 6, both ideal and practical metal oxide hetero-junction solar cells 
were studied systematically. It is found that MO semiconductors are suitable and have 
the potential for the development of future hetero-junction thin film solar cells, due to 
the wide selection of material properties, such as bandgap and high absorption 
coefficient, etc. However, due to the unavoidable high interface states density at 
hetero-junction interfaces, the performances of the cells are always seriously 
diminished. For example, the highest conversion efficiency of ZnO/Cu2O solar cells so 
far achieved is about 2%, which is much smaller than the theoretical efficiency of 
around 20% [1]. The significant difference is believed to be mostly due to their high 
densities of interfacial states and defects at the interface and within the oxide materials, 
partially due to un-optimized processes. 
As an alternative to p/n junction solar cells, Metal/Semiconductor (MS) and its 
deviated structure of Metal/Insulator/Semiconductor (MIS) Schottky barrier solar cells 
are often used for fabricating solar cells owing to their simple structure and fabrication 
process, limited problems from the interface states introduced by semiconductor lattice 
mismatch etc, low temperature processing and reasonably good efficiencies [2-8]. 
Various designs of Schottky diode structures and the effects of each semiconductor 
layer, metal electrode and electrode pattern on the performances have been 
systematically studied and explored for various material systems [9-11].  
This chapter will focus on the simulation study of ideal CuO based 
Metal/Semiconductor (MS) and Metal/Semiconductor/Voltage-Enhancer (MSV) 
structured Schottky barrier solar cells. The effects of various parameters of both the 
materials and structures will be studied and discussed.  
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7.1 Simulation Settings 
This chapter will again use the simulation tool, AMPS-1D. For Schottky diode type 
solar cell structures, the value of [EC-EF] at the metal/semiconductor interface can be 
set directly. The barrier height (BH) at both sides can be calculated as: BH= ±[ФS-χe-
(EC-EF)], where ФS, χe, EC, EF are work function, electron affinity, conduction band 
energy level and Fermi energy level of the semiconductor; ‘+’ is for the p-type 
semiconductor, while ‘-’ is for the n-type semiconductor respectively. BH at both the 
front and back contacts will be the variables for investigation of the effects on 
performance in this chapter. If the BH is not the variable, then they are maintained 
constant at 0.1eV for the front contact and 0.0eV for the back contact. The value of 
(EC-EF) in the formula is closely related to metal work function. Other parameter 
settings are shown in Table 7.1. 
Table 7.1 Device modelling parameter settings for each layer in MS and MSV structures. 
*Note: Absorption coefficient (cm-1) is not a fixed value but varies with wave length. The table shows a 
range. 
 
As mentioned above, electrical properties of two structures of Schottky barrier cells 
will be studied: MS and MSV structures as shown in Fig.7.1. MS structure is a simple 
Schottky barrier diode with two metallic contacts; MSV structure has an additional 
 Semiconductor (p) V (MSV) (p) 
Thickness (nm) 100~5000 100 
Acceptor concentration (cm-3) 1.0x1015~1.0x1019 1.0x1017 
Donor concentration (cm-3) 0 0 
Band gap (eV) 1.2 2.1 
Electron affinity (eV) 4.07 3.2 
Relative permittivity 18.1 9 
Hole mobility (cm2/V-s) 10 40 
Electron mobility (cm2/V-s) 0.1 20 
Effective density of states-cond. band (cm-3) 3.0x1019 2.02x1018 
Effective density of states-valen. band (cm-3) 






thin layer of a wide bandgap material between the semiconductor layer and back 
metallic contact of the MS structure.  
 
Figure 7.1 Schematic diagrams of MS (a) and MSV (b) Schottky barrier solar cell structures. 
 
All the simulations were carried out under the assumptions of no bulk defects, under 
AM1.5 illumination at 300K. Only direct band-to-band recombination and surface 
recombination with a recommendation speed of 107cm/s at both the interfaces were 
considered. Although CuO is an indirect bandgap material, for the simplicity purpose, 
Shockley-Read-Hall was not considered in this simulation.  
 
7.2 Results and Discussion 
The band diagrams of the MS and MSV structures are shown in Fig.7.2. The starting 
MS model is set as a p-type CuO layer of 1500nm with a narrow bandgap of 1.2eV and 
doping concentration of 1x1016cm-3. Whilst the initial MSV model has an additional 
100nm wide bandgap (2.1eV), p-type Cu2O with a doping concentration of 1x1017cm-3 
on the reverse. The front contacts are all Schottky type barriers, while the back 
contacts are all flat band or Ohmic if not specified.  
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Figure 7.2 Band diagrams of MS (a) and MSV (b) structure solar cells. *Note: simulation settings see 
Table 7.1. 
7.2.1 Schottky barrier solar cell thickness 
Fig.7.3 shows the effect of the CuO absorption layer thickness on the performance of 
the MS type devices when the front contact was set to have a barrier height of BH= 
0.8eV (EC-EF= 0.1eV) and a perfect Ohmic contact for the reverse side (BH= 0eV), 
with illumination from the front side and back side respectively.  
For the front illuminated device, it is clear that the semiconductor layer thickness has a 
positive effect on all of the performance parameters: short circuit current (JSC), open 
circuit voltage (VOC) and fill factor (FF) and conversion efficiency (EFF). By increasing 
the thickness the performance improves rapidly and then slows down when the 
thickness increases beyond 500nm, which eventually saturates after 3000nm.  In the 
range of 104~105cm-1[12,13], CuO has a high optical absorption coefficient. A layer of 
a few micrometers in thickness is sufficient to absorb most of the incident light, so that 
increase in thickness beyond 3000nm does not improve the performance of the cell 
further. The fill-factor FF decreases slightly after about 3000nm due to increased series 
resistance as the thickness increases. 
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Figure 7.3 Cell performances vs. CuO layer thickness (front illumination and back illumination). *Note: 
simulation settings see Table 7.1. 
 
The results show that an ideal Schottky barrier solar cell of 1500nm CuO layer can 
have a performance of JSC~32.60mA/cm2, VOC~0.58V, FF~0.78 and EFF~14.70%; for a 
3000nm thickness CuO layer Schottky diode, it has EFF~16.45%, with 
JSC~35.48mA/cm2, VOC~0.59V and FF~0.79. Compared to TiO2/CuO hetero-junction 
solar cell with 1500nm CuO layer in Chapter 5, (JSC~30.97mA/cm2, VOC~0.62V, 
FF~0.82 and EFF~15.76%), it shows that the Schottky barrier cell has a slightly 
improved JSC, but a slightly decreased VOC and FF. The slight decrease in JSC for the 
hetero-structure is due to the optical reflection at the semiconductor/semiconductor 
interface, which leads to some of the light reflected back to the wide-EG-material side. 
In the next chapter, this issue will be studied and discussed in detail. 
Metals with suitable work function are essential to fabricate good Schottky barriers on 
semiconductors. These opaque contacts, even in grid form in the front, will reflect a 
significant amount of incident light leading to a decreased efficiency. Solar cells with 
back illumination configuration are sometimes used for minimizing the light reflection 
by metal electrodes even for p-n junction type cells. The performance of the back 
illuminated MS cell is also shown, for comparison, in Fig.3. Except the device with a 
layer thinner than 300nm, all the devices show a much worse performance, compared 
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to the front illuminated sample and the efficiency decreases rapidly as the thickness 
increases. This can be explained as the highest carrier generation occurs in the 
depletion region for the front-illumination mode but out of the depletion region with 
no built-in electric field for the back-illumination mode. The optimal thickness of 
300nm is approximately the depletion width of the diode at this doping level. For 
back-illumination cells, if the thickness is set thinner than the depletion width, all the 
carriers generated can be separated effectively by the built-in electric field; if the cell is 
set thicker than the depletion region width, most of the carriers generated will be in a 
region without built-in electric field, unable to contribute effectively to electricity 
generation, leading to decreased efficiency. For an abrupt junction, similar to Schottky 
barrier structure, the depletion region width is expressed as Eq. (3.2.1.f) in Chapter 3: 
� � �� � �������� ���  
The depletion width is in the order of several hundreds of nanometers for most of 
semiconductors if the doping levels and relative permittivities are similar. As a result, 
only those materials with a high optical absorption coefficient (>105cm-1) will absorb 
sufficient light within the narrow depletion region for energy conversion. Cells 
fabricated with these materials will work most effectively under backside illumination. 
For this purpose, the back Ohmic contacts should be made of transparent materials 
such as transparent conductive oxides (TCO).  
7.2.2 Barrier height for both of the contacts 
Fig7.4 shows the front contact Schottky barrier height effect on the cell performance. 
Under the assumptions used in the simulation, the highest possible front contact BH is 
about 0.9eV. It is obvious that the higher the barrier height, the better the performance; 
where all the parameters increase with the barrier height, though JSC saturates much 
faster than the others. If the barrier height is lower than 0.5eV, the performance of the 
cell will be reduced by more than 50% compared to the best situation. With further 
decrease of BH, the cell will not work properly as it becomes an Ohmic-like device. As 
shown in Eq. (3.2.1.f), the depletion width is strongly associated with the barrier 
height. Therefore, the BH, qVbi, is one of the key parameters for Schottky type solar 
cells. Based on the work function theory, the barrier height is determined by the 
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difference of the work function of a metal and affinity of the semiconductor. The 
barrier height for CuO can be varied from 0 to ~0.9eV by using various metals. 
However, for practical Schottky diodes, the barrier height is strongly affected by 
crystal structure of the metals, contamination, perfection of semiconductor, interface 
states etc, and in most cases, it is smaller than that predicted by the work function 
theory. To improve the barrier height, a thin insulator layer is often inserted between 
semiconductor and metal to form the MIS structure which has been applied in Si-based 
solar cells [14]. 
 
Figure 7.4 Cell performances vs. Schottky barrier height. All the parameters increase with the barrier 
height. *Note: simulation settings see Table 7.1, except varying front contact barrier height from 0.1eV 
to 0.92eV. 
For Schottky type diode, it is normally assumed to have a perfect Ohmic contact at the 
back. The imperfection of Ohmic contact will have a significant effect on the 
performance of the solar cells. As an indication, the effect of the back barrier height is 
studied with results shown in Fig.7.5. These were obtained by keeping BH=0.8eV for 
the front contact, while varying the back contact barrier from -0.3eV to 0.1eV. Figure 
6 shows the cell band diagrams with different back contact BH settings. BH ≤ 0 
represents a perfect Ohmic contact and this is the case for most Schottky diodes with 
heavy doping level which will be discussed later, while that with BH > 0 represents 
poor Ohmic contact, forming the so-called back-to-back Schottky diode.  
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Figure 7.5 Cell performances vs. back contact barrier height. The negative BH value represents an 
Ohmic contact with a heavily-doped layer. *Note: simulation settings see Table 7.1, except varying back 
contact barrier height from -0.3eV to 0.1eV. 
 
It is obvious that the higher the back contact BH, the worse the cell performance 
though the mainly deteriorated is VOC. If the back contact is perfect Ohmic, such as 
BH=-0.3eV (EC-EF =EG =1.2eV, Fig.7.6a), the cell can achieve EFF~18.51% and 
VOC~0.67V, significantly better than the case of BH=0eV, the flat band case, as shown 
in Fig.7.2a (EFF~14.70% and VOC~0.58V). However, if the back contact is Schottky-
like contact with BH>0, the performance would seriously be deteriorated as the barrier 
is not good for carrier transportation. An ideal Ohmic contact with BH≤0 can improve 
the cell performance from 14.7% up to 18.5%; about 25% improvement compared to 
the flat band Ohmic contact. 
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Figure 7.6 Band diagrams for various situations of the back contact: (a) -0.3eV; (b) 0.1eV. 
 
7.2.3 Back surface field effect for MSV structure 
By adding an additional thin layer of a wide bandgap material (e.g. Cu2O, 2.1eV, 
100nm) on the back side of the MS cell, we can obtain a MSV solar cell structure 
(Fig.7.1b and Fig.7.2b). Fig.7.7 shows the MSV cell performance as a function of CuO 
layer thickness. The performances for the front illuminated MS structure (shown in 
Fig.7.3) and the Window/Absorber/Voltage enhancer (WAV) hetero-structure cell 
from Fig.5.20 (Chapter 5) are also plotted in the figure for comparison. Similar to the 
MSV structure, the WAV cell is based on TiO2/CuO/Cu2O, but TiO2 is n-type layer 
with a perfect Ohmic contact at the front. For the MSV structure, it further shows that 
the thicker the CuO layer, the better the performance is, unless the layer is significantly 
too thick to reduce the fill factor, FF, and the corresponding EFF. Generally, the MSV 
solar cell works better than the MS cells, especially on VOC (0.1~0.2V better), mostly 
due to the BSF effect introduced by the wide bandgap semiconductor Cu2O. The 
slightly improved JSC is contributed to the back surface field (BSF) effect, but not by 
the absorption and generation in the V-layer. As shown in Fig.7.8, the generation rate 
in Cu2O V-layer is six orders of magnitude smaller than in the CuO layer. The BSF 
effect introduced by heavily doping and by the conduction band offset shows a similar 
effect on the cell performance. 
152 
 
Figure 7.7 Comparison of MS (dots), MSV (square) and WAV (triangle) cell performances as a function 
of CuO thickness. Cu2O is assumed to have EG=2.1eV and 100nm thickness. *Note: simulation settings 
for MS and MSV see Table 7.1, for WAV see Table 5.2 in Chapter 5. 
 
 
Figure 7.8 Carrier generation rate in illuminated MSV solar cell. The generation rate in V-layer is about 
six orders of magnitude smaller than that in CuO layer.  
 
The BSF layer, induced by either the band offset for hetero-structures or the heavy 
doping on the back side of a homo-junction structure, can block and reflect minority 
carrier diffusion current and make a contribution to VOC. For a Schottky barrier solar 
cell, however, the situation is slightly different as it is a majority carrier device, 
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differing from the minority carrier p/n junction device. The BSF effect by the large 
conduction band offset (~0.9eV) at the CuO/Cu2O interface can also block and reflect 
minority carrier (electrons) diffusion current at back surface, but the majority carrier 
(holes) diffusion current at front surface (negative effect) is not affected, which means 
the VOC enhancement effect is limited. A Cu2O BSF layer can increase VOC from 
0.62V to 1.03V, an improvement of 70% for a WAV hetero-junction cells, but can 
only increase VOC from 0.58V to 0.69V, a 19% improvement for the corresponding 
Schottky barrier solar cells. The effect of the BSF layer on the performance is most 
effective when CuO layer is set to be thin, mostly attributed to the improved FF. This 
is slightly different from that for the WAV solar cell, which, concluded from Chapter 
5, is mostly attributed to the enhanced VOC. Nevertheless, a V-layer should be 
introduced, if possible, to improve the Schottky barrier type solar cells.  
7.2.4 Comparison of CuO and Cu2O Schottky barrier solar cells 
Cu2O has been intensively studied in various forms for the purpose of PV application. 
It is interesting to compare the performance with that of CuO diode. Fig.7.9 is a 
comparison of performances of ideal CuO and Cu2O Schottky type (MS) solar cells as 
a function of layer thickness, simulated by the same AMPS-1D software. The results 
of Cu2O MS solar cell are comparable to those obtained by Wang et al [15].  It is clear 
that the CuO MS solar cell has a much poorer VOC (~ 1V lower) and FF (~ 0.1 lower) 
than Cu2O MS cell, but a much higher JSC. This is mainly owing to the narrow 
bandgap of CuO (1.2eV) which is able to absorb a much wider solar spectrum. Overall 
the CuO MS solar cell shows about 25~30% better theoretical performances than the 
Cu2O MS solar cell.  
Cu2O-based Schottky solar cells were previously fabricated with efficiency up to 2%. 
A maximum VOC around 0.7~0.9V were always achieved regardless of the metals, 
though it is much smaller than the theoretical VOC of about 1.5V. It is believed that 
there exists a copper-rich region at the interface caused by the reaction between 
copper-oxide layer and metallic contacts, leading to high Schottky barrier heights 
[16,17]. On the other hand, the barrier height for CuO Schottky diode is normally low, 
and an open circuit voltage of a practical value of 0.7~0.9V and a theoretical value of 
1.5V is very attractive for the CuO material. It is therefore natural to consider a thin 
Cu2O as the surface layer for a CuO Schottky solar cell to increase the VOC, while 
154 
maintaining the high JSC of the CuO main layer. This situation was simulated with the 
results shown in Fig.7.10. Surprisingly a thin Cu2O barrier layer (5nm) at the front side 
reduces the CuO cell efficiency significantly from EFF~18.5% to less than 0.5%, 
though the Voc increases slightly from ~0.67V to ~0.71V. JSC of this structure is 
reduced dramatically compared to the single layer CuO MS cell structure, because the 
carriers generated in the CuO layer at the conduction band are blocked by the barrier of 
the Cu2O layer and are unable to contribute to JSC (Note: tunnelling through the barrier 
was not considered in the simulation. If the tunnelling is considered, a slight 
improvement is expected, especially for a thinner Cu2O layer). This may have a serious 
implication for practical CuO Schottky solar cells as a copper-rich layer CuxO (x>1) 
may always exist at the surface of the CuO material [16,17] which may explain the low 
experimental efficiency normally obtained so far. Therefore, the surface of CuO should 
be carefully controlled to prevent CuO reduction during fabrication. 
 




Figure 7.10 Results for CuO MS solar cell with an additional 5nm Cu2O layer at the front, and the 
settings are the same as in Fig.9: (a) band diagram (only up to 500nm is shown for easy view) and (b) I-
V characteristic which has a strange behaviour possibly due to large resistance introduced by the barrier 
of the thin layer. 
7.3 Summary 
In this chapter, high optical absorbing material CuO based MO Schottky barrier solar 
cells have been studied systematically. It is proven that these Schottky barrier solar 
cells, if they can be fabricated with suitable techniques, can obtain conversion 
efficiency up to 18.5% with a 1.5μm thickness, comparable to MO hetero-junction 
solar cells. Some guidance about Schottky barrier solar cell material selection and 
structure design are summarized below: 
� Theoretically, the materials suitable for Schottky barrier solar cell fabrication are 
preferable to have small bandgap and very high optical absorption coefficient (> 
105cm-1). Therefore sufficient incidence light can be absorbed by a very thin layer 
of material (about 1~2μm). 
� It is desirable for the semiconductor layer to be lightly doped to have a wide 
depletion region in the device for better conversion. However, the maximum 
barrier height that can be achieved is also limited by the low doping level. 
� The front contact barrier height needs to be larger than ~1/3 EG of the 
semiconductor to achieve a reasonable performance. Therefore, p-type 
semiconductor is desired to posses a large electron affinity, and n-type 
semiconductor is desired to posses a small electron affinity to allow wide choice of 
metallic contacts which can form a satisfying barrier height with the 
semiconductor. 
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� It is desirable that the Schottky solar cell is front illuminated. For many p-type 
semiconductors, the suitable metal which can give a satisfying Schottky BH 
theoretically are opaque, which would reflect the incident light significantly. Back 
illuminated Schottky solar cells with sufficiently thin layer can be used to 
minimize light reflection and improve efficiency but the efficiency is much lower 
than the front illuminated cells. In this case, the back Ohmic contact should be 
transparent conductive oxide. 
� It is desirable to add a wide bandgap layer or a heavily doped layer on the back 
side of the device, to introduce a BSF effect which can improve cell efficiency by 
about 20%.  
Additional high barrier layer should be avoided at the front of CuO MS structure as it 
drastically reduces the performances. 
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Chapter 8 Hetero-junction Solar Cell 




According to the results in Chapter 7, a better JSC is obtained in Schottky barrier solar 
cell than in a hetero-junction solar cell. This is assumed and later will be proved owing 
to the optical reflection happened at the hetero-junction interface. This chapter will 
present a detailed discussion focusing on the hetero-junction interfacial optical 
reflection. 
It is well known that an incident light will experience a certain reflection at the 
interface when the refractive indices of the two materials are different. Optical 
reflection, at the surface of solar cells, has been considered seriously and various anti-
reflection structures have been designed to reduce the light reflection at the surface [1-
4]. Kosyachenko et al. [5] discussed optical losses in thin-film CdS/CdTe problems 
recently. It is calculated that the huge reflection loss can be reduced by use of an anti-
reflection coating. However the internal optical reflection by a hetero-junction 
interface reflection (IR) has not been considered, probably due to the very small and 
negligible IR for most of the common material systems used, such as AlGaAs/GaAs 
and CdS/CdTe, as they have similar refractive indices.  
As introduced in Chapter 3, the optical reflection model should follow Eq. (3.3.4.d). 
Practically, the refractive indices of various PV materials at various frequencies vary in 
a wide range from 1.8 to over 5 as summarized in Table 8.1. This will lead to a large 
interfacial optical reflectance and hence, JSC reduction if the PV materials are not well 
selected to match each other. Therefore, it is worthy clarifying the importance of 
considering this during material and structural design processes.  
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For the AMPS-1D software, the model used is given in Eq. (3.3.4.b). This model is 
accurate most of the time but, in some circumstances, may not; such as when the 
permeability of the material is far different from the vacuum permeability. Therefore, 
if not considered carefully, a simulation on devices using these materials may lead to 
large errors comparing to practical situations. 
In this chapter, the optical reflection issues will be discussed with some examples 
based on existing hetero-junction structures. A further discussion on optical model 
used in simulation software AMPS-1D will be made. 
Table 8.1 Relative permittivity and refractive index (at 550nm wavelength) of some common 
semiconductors. For Relative Permittivity, C-Si and a-Si:H from ref.[6], CuInGaSe from ref.[7], TiO2 from ref.[8], P3HT and PCBM from ref.[9], and the rest from ref.[10]; for refractive index and P3HT 








     n 
(550nm) 
c-Si 11.7 4.09 ZnO 8.2~11 2.02 
a-Si:H 11.9 4.77 ZnS   8.9 2.59 
Ge 16.0 5.17 ZnSe   9.2 2.66 
GaP 11.1 3.45 ZnTe 10.4 3.15 
GaAs 13.2 4.06 AZO N/A 2.02 
GaSb 15.7 4.49 ITO N/A 2.00 
InP 12.4 3.66 TiO2 86.0~173 2.95 
InAs 14.6 4.27 CuO 18.1 2.58 
InSb 17.7 4.13 Cu2O   7.6 3.10 
CdS 8.7~10.3 2.61 P3HT   3.0 ~1.81 
CdTe 10.6 3.05 PCBM   3.0 ~1.81 
 
8.1 Reflection at the Internal Interfaces 
Table 8.1 lists the relative permittivity and refractive index for 550nm wavelength light 
of some common and potential PV materials. Fig.8.1 is a schematic drawing of an 
interface of a hetero-structure and the interfacial reflection and refraction. Assuming 
there is no top anti-reflection layer and the incident light has a very small incident 
angle near zero, a simplified reflectivity by an internal interface of the hetero-structure 
can be derived from Fresnel’s equations as followed: 
� � �������������      (8.1.a) 
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Where, n1 & n2 are the refractive index of layer 1 and 2 respectively. 
 
Figure 8.1 Schematic drawing for reflection and refraction at the interface of a hetero-structure. 
 
 
Figure 8.2 Reflectance as a function of the window layer refractive index for hetero-junction solar cells 
with various A-layer refractive index. 
 
The reflectance increases when the reflection index difference between the two 
materials increases, no matter which layer has a large refractive index. Assume we 
have a bottom layer (absorption layer) with a fixed refractive index n=2, 3 and 4, a 
rough estimation of the internal reflection at a fixed wavelength can be simply 
calculated using Eq.(8.1). Fig.8.2 shows the interface reflection as a function of the top 
layer refractive index. A minimum reflectance occurs when the refractive index for 
both the top and bottom layers is similar. The reflectance increases rapidly with 
decreasing the refractive index of the top window layer and increases slightly slowly 
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with increasing the index. The indices for most popular solar cell materials are close to 
each other; therefore the interface reflectance is typically smaller than 2%. However, it 
could be near ~20% for ITO/GaAs and ITO/InP cells which have been studied for 
space exploration due to their high resistance to high energy particle bombardments, 
simple structure and process. Furthermore for some potential solar cells, such as CuO 
(n~2.58) and polymers (n<2) based ones, the reflectance between them and candidate 
top layers could be very high. Therefore, for hetero-junction solar cell systems, it is 
preferably to have materials with similar refractive indices; if such a material system is 
not available, then it is preferable to have a window layer with a larger refractive index 
than that of the absorption layer. 
It is known that the refractive index varies with optical wave length, therefore the 
internal reflection for various hetero-junction systems will vary significantly with light 
wavelength. Fig.8.3 shows the plots of reflectance vs. wavelength for some hetero-
junction systems, (a) for some systems with relatively high IRs, while (b) for the 




Figure 8.3 Reflectance vs. wavelength for some hetero-junction systems. (the refractive indies used for 
reflectance calculation are found: polymers in Ref [10], and the rest in Ref [11-14]). 
It is obvious from Fig.8.3a that for some existing solar cells using ITO as the window 
layer, such as ITO/GaAs [15,16] and ITO/InP [17,18], a reflectance around 5~15% 
exists in visible range of spectrum; there also exists a huge IR, 5~25%, for the ITO/Si 
[19,20] and ITO/Ge [21] hetero-junction solar cells; For some semiconductor/polymer 
hetero-junctions, such as potential Si/P3HT-PCBM cells, the reflection at the interface 
could reach 10~30% for the visible light. Therefore, the IR for these structures may 
reduce the performance of the cells seriously, and to reduce it, certain measures have 
to be taken.  
Apart from the above cells, some commercialised solar cells such as CdS/CdTe [21,22] 
and AlGaAs/GaAs [23], the internal reflection is limited, typically less than 1% as 
shown in Fig. 3b. For some other potential solar cells, such as ZnO/Cu2O, ZnO/CuO 
and Si/Ge [24-26], the small reflectance, 2~5%, will still affect the PV performance 
significantly. The ZnO/Cu2O solar cell will have an internal reflectance of about 4.5% 
for the wavelength around 500~600nm which is close to  the bandgap of the Cu2O 
layer (2.1eV), implying the most effective light spectrum for ZnO/Cu2O solar cell will 
have a large loss through the internal reflectance. Similarly, the potential ZnO/CuO 
solar cell will also experience a significant IR >2.5% for solar spectrum between 
650nm~1033nm (equivalent to CuO bandgap, 1.2eV), and 3.5~4% for wavelength of 
700~850nm. It can be summarized generally that the hetero-junction interface of the 
same group of materials, such as Group IV/Group IV, III-V/III-V and MO/MO show 
comparably low optical reflectance, while the hetero-junction interface of different 
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group of materials, such as MO/Group IV, MO/III-V and Group IV/polymers show 
high optical reflectance. 
Si/Ge/Si is a promising structure for solar cell with high efficiency as reported by Lin 
[25]. The reflectance for Si/Ge is very complicated. It has a near zero reflectance at 
~500nm owing to their compatible refractive indices at this wavelength and it 
increases when both the wave length increases and decreases. The Si/Ge solar cells 
will have an IR of about 3.5% for 600nm wave length and 1~1.5% for the longer wave 
length of solar spectrum. 
It is true that partial of the reflected light by the interface will be reflected back if an 
anti-reflection layer on the surface is used. However, the top layer is normally used as 
the window layer for collection of photo-generated carriers and has a large bandgap, 
while the absorption layer with relatively small bandgap is the main layer to generate 
the photo carriers. Blockage of light into the absorption by the thin top layer will result 
in a severe deterioration of the PV cell performance. The results demonstrated that 
measures should be taken when new material systems are considered for solar cells 
with hetero-junction interface. This includes the use of multi-layer structure with inter-
medium refractive index between layer 1 and layer 2, a rough interface and 
nanostructures etc to reduce the interface reflection etc.  
 
8.2 Error Source of the Reflectance in Simulation 
Currently, most of the first principal software available for semiconductor device 
simulation only considers the interface reflection in a simplified way which uses the 
relative indices directly in the simulation which may lead to serious error in 
simulation. According to Maxwell Equations, a simple relation between refractive 
index, n, and dielectric constant, εr, is as followed: � �  √����      (8.2.a) 
It can be further simplified as n=√��, when the permeability for both the layers is 
assumed to be close to the vacuum permeability. In this case, the reflectance can then 
expressed as, 
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�
     (8.2.b) 
This is exactly the same as Eq. (3.3.4.b). Usually, the permittivity is a function of 
frequency and incident angle, containing a real part and an imaginary part [27]. If εr1 
and εr2 are kept simple and constant, such as dielectric constant values, for the entire 
wavelength in Eq. (8.2.b), it may lead to a large error in the interface reflection 
calculation. An example is the TiO2/CuO system, a potential high performance solar 
cell [13]. The relative permittivity of TiO2 and CuO used in the simulation in Ref.[13] 
are 86 and 18.1, hence a refractive index of about 9.2 and 4.25 can be obtained by 
eq.(8.2), leading to an IR as high as ~13.8% which affects the short circuit current JSC, 
hence, the efficiency EFF, significantly. It is calculated that JSC=30.97mA/cm2 and 
EFF=15.76% if IR~13.8% was used. However, the real refractive index n=2.95 for 
TiO2 and n=2.58 for CuO are typically obtained experimentally, a reflection thus 
should be IR~0.45% using Eq. (8.1.a). With this IR value, the short circuit is 
JSC=35.87mA/cm2 and the efficiency is EFF=18.38% for the ideal case. In some 
extreme cases, the relative permittivity of TiO2 could be as high as 176 depending on 
deposition conditions [7,28-30]. If this value is considered in Eq. (8.2.b) directly for 
the interface reflection simulation, then the internal reflection is as large as IR~66.2%, 
severely deviated from the practical system. Fig.8.4 is a comparison of the IV 
properties under 1 Sun exposure using different refractive indices measured and 
calculated from the permittivity for TiO2/CuO solar cells. This was simulated using 
numerical software AMPS-1D, which clearly showed a large reduction of JSC. 
Therefore, for numerical study of a new solar cell system, the IR needs to be 
considered seriously using the experimental refractive index and considering the 
wavelength dependence to minimize the errors. 
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Figure 8.4 Comparison of I-V curves of TiO2/CuO cells using different refractive indices measured and 
calculated from the permittivity. 
 
8.3 Summary 
In summary, internal interface reflection of hetero-junction solar cells could be a 
serious problem for some existing and potential solar cell systems and has, so far, been 
largely ignored. This research has shown that it is preferable to select two materials 
with similar refractive index; and if not possible,, it is preferred to have material with a 
relatively larger permittivity as the window layer to reduce IR. In the early stage of 
development of any new solar cell system, the IR has to be considered with care in 
simulation study to decide their feasibilities. 
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Various theoretical and structural issues related to metal oxide thin film solar cells 
have been studied through numerical simulation. The feasibility of various MO thin 
film solar cells is discussed based on the simulation results. 
 
9.1 Conclusions 
Through the study, the feasibility of metal oxide semiconductors for PV solar cell 
application has been studied through numerical simulation. MO hetero-junction and 
Schottky barrier solar cell structures have been systematically investigated, and the 
effects of doping concentration, layer thickness, bandgap and the function of the layers 
have been studied in details.  
It was found that for a TiO2-CuO two-layered structure, a conversion efficiency of 
16% can be achieved, with a CuO layer thickness at 1.5μm. And if a back surface field 
layer Cu2O is fabricated to form TiO2-CuO-Cu2O structure, the efficiency can reach 
28.57%. If a thicker CuO layer is used, an efficiency of >30% can be expected. For 
some metal-oxide-based Schottky barrier solar cells, if the Schottky barrier height can 
be controlled well, the efficiency can also be as high as 16~17%. All these 
performances are comparable to the theoretical performance of Si-solar cells.  
It was also found the defects and interface states can deteriorate the solar cell 
performances significantly. For a TiO2-CuO thin film solar cell with an acceptor 
concentration in CuO of 1016cm-3, a defect concentration at 1015cm-3 will cause 25% 
deterioration of the efficiency. If the defect concentration is higher than the doping 
concentration, the performance will be deteriorated by over 50%. The voltage-
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enhancement caused by BSF effect is reduced to a negligible value even with a defect 
concentration at 1013cm-3. The interface states also deteriorate the solar cell 
performance by nearly 100% at a level of about 1012cm-2. However, the negative 
effects of interface states can be minimized if the doping concentration in the two 
layers can be fabricated very differently, (e.g. one layer is 103 times higher than the 
other). 
Based on the basic conclusions summarized above, some further valuable conclusions 
and recommendations can be drawn as followed: 
For hetero-junction solar cells: 
1. To enhance carrier collection to the maximum, it is preferable to choose n+-p or 
p+-n one-sided abrupt junction structures, rather than n-p or p-n structures for 
solar cells, since the former structures allow the depletion region locating in the 
front of the cell where optical absorption and carrier generation are the most 
efficient. 
2. It is preferable to use a thin layer of wide bandgap semiconductor as window 
layer (W-layer), so no significant absorption would occur in the most front of 
the cell where the population of carrier would be enormous if not to do so. As a 
response to the design, this layer, to enhance carrier collection, needs to be 
heavily doped to allow depletion region distribute mostly in the other layer. It 
was found this layer should possess a bandgap of >3.0eV a thickness of 100nm 
with 1x1019cm-3 doping concentration. 
3. The bottom layer, known as the absorption layer (A-layer), to respond to solar 
spectrum most effectively, needs to be made of a narrow bandgap 
semiconductor. The optimum band gap value is found between 1.0~1.4eV. This 
layer needs to be lightly doped at a concentration of 1x1014~1x1017cm-3, and 
the best at 1x1016cm-3 to give a most effective depletion region distribution. In 
addition, this layer needs to be thick enough to allow sufficient photon 
absorption and carrier generation. For a semiconductor with an absorption 
coefficient at 105cm-1 level, a thickness of around 1~2μm would provide better 
cost-effective performance, and a thickness of 5~10μm would allow to achieve 
the maximum performance. The higher the absorption coefficient of the A-
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layer material, the thicker A-layer would be necessary which avoids too much 
recombination caused by defects and material consumption. 
4. Theoretically, if possible, a wide bandgap, heavily doped layer (V-layer) 
should be fabricated at the back of the A-layer to provide the back surface field 
(BSF) effect to enhance VOC. For a n+p-p+ structure, the p+ V-layer should 
show a large enough conduction band offset with the A-layer, and if a p+-n-n+ 
structure is adopted, a big valence band offset with the A-layer is desirable. 
This BSF effect would block and reflect minority carriers generated in the A-
layer diffusing against the built-in electric field, towards the back electrode. 
Forcing them to obey the built-in electric field quickly and enhance the VOC. 
Practically however, these V-layers would not be supposed to contribute 
significantly to the cell performance, because the defects and interface states 
between layers would recombine the majority of those diffusion carriers before 
they reach the BSF interface. Even the lowest defect concentration (~1x1014cm-
3) that can be achieved nowadays is too high to allow BSF effect functioning 
properly. 
5. The conduction band offset should be small enough (usually<1/3~2/3EG of A-
layer) for an n+-p configuration. Therefore, the electron affinity and bandgap 
properties of the semiconductors need to be considered carefully during the 
material-selection procedure during design.  
6. Defects of the solar cells need to be controlled to a minimum due to the fatal 
effects on performances. It is also found the defect concentration requires to be 
1~2 orders lower than ionized doping concentration, to ensure the carrier 
generation rate is several orders higher than the recombination rate.  
7. It was also found the defects, although they show acceptor or donor 
characteristic, are not suitable to be used as the ionized doping directly. The 
presence of these defects would enhance the recombination process much 
significantly than the generation process.  
8. High interface state density is also a fatal problem to metal oxide solar cells. 
They cause serious carrier recombination which diminishes the solar cell 
performance to nearly zero if they are over 1x1012/cm2. By fabricating the 
neighbouring layers with significant difference in doping concentrations, the 
interfacial recombination can be reduced significantly because only one type of 
171 
the carriers will be recombined and the other type of the carriers is less 
affected. 
9. All the defects and interface states are detrimental to solar cells, especially for 
those occupying energy levels located in the middle region of the 
semiconductor forbidden band.  
10. Apart from interfacial carrier recombination, there is also the problem of 
optical reflection existing in metal oxide hetero-junction solar cells and, very 
likely in all other solar cells. The reflection coefficient difference between W-
layer and A-layer for some devices are significant, causing 10~30% reflection 
hence, significant carrier generation in A-layer.  
Schottky barrier solar cells: 
1. For Schottky barrier solar cells, which avoid some problems for hetero-junction 
solar cells, do show acceptable performances. However, these solar cells are 
good only when they are illuminated from the front side. Usually, the depletion 
region of these cells are at the level of 200~500nm. Therefore, the solar cells 
are only efficient if they are able to absorb enough light within this thickness. 
Only materials with high absorption coefficient, >104cm-1, are suitable for the 
fabrication of Schottky barrier solar cells.  
2. Barrier height is very important to Schottky barrier solar cells. A big front 
barrier height provides a big build-in electric field and hence, large VOC.  
3. The BSF effect introduced by wide bandgap semiconductor in Schottky barrier 
solar cell is proved not as significant as the BSF effect in hetero-junction solar 
cells, purely because Schottky barrier is a majority carrier device in which very 
few of carriers diffuse against the build-in electric field.  
 
9.2 Future work 
Although metal oxide thin film solar cells show obviously good potential in renewable 
energy, there are still large amounts of work to do. The work left is both theoretical 
and experimental, and they are always interwoven. 
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Theoretically, semiconductor and photovoltaic device physics, as the basis of this 
work, need to be improved and developed into more accurate models:  
1. For more accurate simulation, a model considering the quantum mechanics 
tunnelling effect should be used in the future. This effect plays a key role in the 
carrier transportation over energy potential barriers in 
Metal/Insulator/Semiconductor and hetero-junction devices. Without 
considering this effect, even some barriers only a few nanometres thick in these 
devices would be predicted to block all carrier transportation and the solar cells 
would be predicted wrongly as non-working. In addition, the tandem solar cells 
in which tunnelling thin layers exist between each cell can not be modelled 
properly. 
Currently, tunnelling model is applied in some of the simulation packages. 
wxAMPS is one of the existing package where tunnelling is incorporated with 
drift-diffusion and  thermionic emission at hetero-junction interfaces. [1] It is 
an improved new package based on AMPS-1D software used in this thesis. 
Another software in which tunnelling models are implemented is ASPIN [2,3]. 
The results produced in this thesis may vary if the tunnelling models are 
applied. For realistic simulation with defects and interfaces, especially on 
Schottky barrier solar cells (MS and MIS) and conduction/valance band offset 
problems where tunnelling play an important role, the predicted results may 
changed significantly.  
2. For the purpose of more realistic simulation, the generation and recombination 
models of photovoltaic devices need to be understood further. Currently, all the 
simulation software of photovoltaic devices only calculate the generation 
process from valence band to conduction band. However, some recent 
theoretical calculations reveal that some metal oxide semiconductors show an 
intermediate energy bands which are believed to contribute the carrier 
generation process. [4,5] If these theoretical results can be confirmed 
experimentally and understood further, the model used for the simulation study 
should include intermediate energy band generation and recombination.  
3. The optimisation method can be further improved. Firstly, the optimisation 
work for a device parameter in this research is done manually. The simulation 
software can therefore be expanded to do optimisation simulation 
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automatically. For example, when thickness is the parameter need to be 
optimised, the researcher only need to input all other constants and the range of 
thickness. Then the programme will do the optimisation automatically, and all 
the data will be saved for the following analysis by the researcher. Secondly, 
the simulation package can be further programmed to optimise several 
variables simultaneously. The researchers only need to input the ranges of the 
variables. This optimisation process would be time consuming to obtain a 
group of detailed results (optimised parameter combinations), but can be 
significantly simplified by applying various mathematical optimisation 
methods, such as Taguchi method. Alternatively, the Genetic Algorithms 
method can be used to optimise many variables simultaneously. Researchers 
can define each parameter as a ‘gene’, which may vary in each calculation 
generation. Then the number of generations and the criteria of satisfying 
optimisation results can be set according to the optimisation targets. Then the 
programme will optimise the ‘genes’ to find out the satisfactory results (or 
parameter combinations).  
In order to verify the results obtained in this research, it is necessary to fabricate 
devices. The simulation results need to be compared with experimental results to be 
verified.   
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APPENDIX A  
AMPS-1D user interface 
 
Figure AA1 AMPS-1D main user interface: buttons for further settings of voltage biasing, illumination 




Figure AA2 Voltage biasing input: -1.50V~1.50V, which is the I-V measurement range. 
 
 
Figure AA3 Illumination intensity defined by ‘LAMBDA’ and ‘FLUX’, material optical absorption 




Figure AA4 Simulation temperature settings 
 
 
Figure AA5 Front and back contact settings. PHIBO and PHIBL are the values of EC-EF in the unit of 
eV at front and back contacts. ‘SNO’ and ‘SPO’ are electron and hole surface recombination rate at 
front contact, ‘SNL’ and ’SPL’ are the electron and hole surface recombination rate at back contact. 




Figure AA6 Layer information settings: ‘EPS’ for dielectric constant, ‘MUN’ for electron mobility, 
‘MUP’ for hole mobility, ‘NA’ for acceptor concentration, ‘ND’ for donor concentration, ‘EG’ for 
bandgap, ‘NC’ for effective density of states in conduction band, ‘NV’ for effective density of states in 
valence band and ‘CHI’ for electron affinity. As shown in the figure, the current settings are for the 1st 
layer of ‘TiO2 (n)’. The layer thickness is defined at the righthand-side at 80.0nm. By selecting 2nd layer 
of ‘CuO (p)’, the parameters of CuO layer can be input. The layer thickness is defined at the righthand-
side at 80.0nm. Settings for defects can be found by clicking button ‘View Gap State Parameters’. The 
simulation on defects and interface states are conducted by using another software, AFORS-HET, as 





APPENDIX B  
AFORS-HET user interface 
 
Figure AB1 AFORS-HET main user interface, where numerical settings can be done. The solar cell 
structure can be defined by clicking ‘Define Structures’, the illumination can be activated by selecting 
‘DC’ mode on the left down corner and ticking illumination ‘On’ in the middle. In this case, the 
illumination is one sun with AM1.5 illumination, which can be defined by using software attached ‘*.in’ 
files. Then various results can be measured by using the right-hand-side orders: such as ‘calc I-V’ for I-




Figure AB2 Structure define: on the left-hand-side, the sequence of layers can be defined as: front metal 
contact ‘Front contact boundary’, contact between front contact and semiconductor ‘MS Schottky’, 
semiconductor layer ‘TiO2 (n)’, interface between ‘TiO2 (n)’ and ‘CuO (p)’ as ‘Thermionic Emission’, 
semiconductor layer ‘CuO (p)’, contact between back contact and semiconductor ‘MS Schottky’, and 
the back metal contact ‘Back contact boundary’. By clicking buttons of ‘optic front’, ‘electric’ and 




Figure AB3 Front Contact settings: the optical absorption and reflection at front contact can be defined 
in the ‘optical properties’. Then the metal work function can be defined on the top-right corner. By 
selecting ‘Yes(Flatband)’ to model perfect Ohmic contact, and selecting ‘No(BandBending)’ the work 




Figure AB4 Layer property definition. The layer is named ‘TiO2 (n)’, with a ‘thickness [cm]’ of 8e-
6cm. Various properties are defined as ‘dk’ for dielectric constant, ‘chi’ for electron affinity, ‘Eg’ for 
bandgap, ‘Eg opt’ for optical bandgap, ‘Nc’ for effective density of states in conduction band, ‘Nv’ for 
effective density of states in valence band, ‘μn’ for electron mobility, ‘μp’ for hole mobility, ‘Na’ for 
acceptor concentration, ‘Nd’ for donor concentration, ‘ve’ for thermal velocity of electrons, ‘vh’ for 
thermal velocity of holes, ‘rho’ for layer density, ‘rae’ for auger recombination coefficient for electrons, 
‘rah’ for auger recombination for holes and ‘rbb’ for direct band to band recombination coefficient. The 
light-material interaction can be defined in ‘optical properties’ in ‘*.nk’ files attached to the software. 





Figure AB5 Define the defects. The defects in each layer can be selected as ‘Single’, ‘Continuous’ and 
‘Gauss’ (Gaussian). They can also be defined as ‘Acceptor-like’, ‘Donor-like’ and ‘Neutral’. The 
density of these defects are defined as ‘Ntr (total)’ and ‘Ntr (specific)’. Properties of Gaussian 
distribution can be further defined by input ‘E’ and ‘Sigma’ as central defect energy level and 
distribution width. The defect-carrier interaction can be defined in ‘electron capture’ on the right-hand-




Figure AB6 Define of interface states. The interface states model is selected as ‘Interface (thermionic 
emission)’. Further defects can be defined as interface states density by clicking buttons of ‘Add’ and 






Figure AB7 Define of interface states –interface defects. The interface defects are modelled as interface 
states in AFORS-HET. Similarly to defects in bulk layers, they can be defined in the distribution of 
‘Single’, ‘Continuous’ and ‘Gaussian’. The density is input in ‘Ntr (total)’ and ‘Ntr(specific)’.  
 
The user interface to define back contact is similar to the interface for front contact.   
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